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11. INTRODUCTION.
1.1. SUMMARY OF THE PROJECT.
In this project the physiology and growth of Rhizopus 
arrhizus was investigated in detail with a view to 
developing an industrial fermentation process to produce 
a lipase enzyme. Spore and vegetative inocula were 
examined and biomass production was optimized in flasks 
and fermenters. Pelleting of growth was controlled by 
developing suitable inoculum procedures and media. 
Storage conditions for stock cultures were optimized 
also as part of this work. Factors affecting lipase 
production were investigated initially m  shake-flasks, 
and later in stirred laboratory fermenters. The inoculum 
development and production fermentations were then 
integrated and scaled-up to plant-scale (3,000 litres). 
Economic yields of lipase were obtained at this scale. 
Other experiments were conducted to determine the 
biochemical characteristics of several lipase enzymes 
and to develop a rapid and inexpensive lipase assay. 
Finally, growth morphology of R. arrhizus was examined 
m  a range of media to investigate some possible causes 
and mechanisms associated with pelleting of growth.
This project was funded by the National Board for 
Science and Technology under the Higher 
Education-Industry Co-operation Scheme. Additional 
financial and technical support was obtained from Biocon
2Ltd., Cork, Ireland. All of the research work, with the 
exception of pilot-and plant-scale fermentations, was 
conducted at the National Institute for Higher 
Education, Dublin. The large-scale fermentations were 
conducted at Biocon Ltd., Cork, Ireland.
1.2. THE GENUS RHIZOPUS.
Fungi are a diverse group of micro-organisms ranging 
from yeasts and rusts to mushrooms, and include many 
organisms of industrial amd medical importance. They are 
constructed as cylindrical, branching filaments or 
hyphae (although some are single-celled) and have well 
defined cell walls. (Burnett, 1976). They are eucaryotic 
micro-organisms with an associated structural and 
organizational complexity (Carlille, 1980). All fungi 
are aerobic and heterotrophic organisms growing on a 
wide variety of nutrient sources. In nature, fungi take 
up a variety of structural forms during sexual or 
asexual reproductive cycles.
Filamentous fungi of the genus Rhizopus belong 
taxonomically to the class Zygomycetes, order Mucorales 
and family Mucoraceae. They are terrestrial phycomycetes 
commonly found in soil and as food spoilage organisms 
(Alexopoulos & Mims, 1979; Bessey, 1950). Growth on 
solid substrata occurs as coencytic stolons which 
penetrate surfaces with rhizoids over which 
sporangiophores are erected bearing asexual
3sporangiospores. Ultrastructural studies of Rhizopus 
hyphae have shown that metabolic activity occurs mainly 
at the tips with older portions of the hyphae becoming 
vacuolated (Syrop, 1973).
Several species of the genus Rhizopus have found many 
applications in industrial processes. These include 
food, organic acid and enzyme production, and the 
bioconversion of steroids (Anma, 1964; Blain, 1975; 
Favero et al., 1977; Hanish et al., 1980; Laboureur &
Labrousse, 1966; Liu & Luh, 1978; Rhodes et al. , 1959,
1962; Rose, 1980; Schneider, 1974; Wood & Min, 1975).
1.3. MICROBIAL LIPASES.
Extracellular lipases have been shown to be produced by 
a wide range of micro-orgariisms (Alford et al. , 1964).
They are classified by the Enzyme Commission as E.C.
3.1.1.3. (Florkm & Stotz, 1964). Lipases are hydrolytic 
enzymes which cleave the carboxyl-ester bonds joining 
glycerol to fatty-acids in triglyceride substrates 
(Desnuelle, 1972). They are distinguished from the 
esterases on the basis that lipases will act only on 
emulsified substrates, that is, at an oil-water 
interface. In contrast, esterases will act only on water- 
soluble substrates (Desnuelle, 1972; Desnuelle & Savary, 
1966). Microbial lipases act on a variety of substrates 
but differ in positional specificity of reaction against 
triglycerides. Some enzymes may cleave only the 1,3
4fatty-acids, others may react at all three positions 
(Alford et al., 1964).
Lipase enzymes are assayed using emulsified 
triglycerides as substrates. The most commonly used 
method is the potentiometnc titration of olive oil 
emulsions (Desnuelle et al. , 1955 ; Naher, 1974). In this 
assay olive oil is hydrolysed by lipase releasing 
fatty-acids which reduce the pH. The addition of sodium 
hydroxide solution is used to titrate the amount of 
fatty-acids released during incubation at a constant pH 
(Desnuelle, 1972). A turbidometnc lipase assay has been 
described (Verduin et al. , 1973). Other assays in the
4
literature include the use of radio-labelled 
triglycerides and techniques using copper-salt 
titrations to quantify fatty-acids released (Boyer et 
al. , 1970; Desnuelle, 1972; Schotz et al. , 1970).
Microbial lipases have found many industrial 
applications m  food processing, detergents and 
pharmaceutical preparations (Beckhorn et al., 1965;
Macrae, 1983; Seitz, 1974; Tokiwa & Suzuki, 1977).
1.3.1. Lipases from the genus Rhizopus.
Rhizopus lipases have been widely studied in many 
species of this genus (Aisaka & Terada, 1979, 1981;
Fukumoto et al. , 1964; Laboureur & Labrousse, 1966;
Tatsuoka et al. , 1959). Lipases produced by different
5species of Rhizopus differ in their activity and 
stability over a range of pHs and temperatures. This may 
suggest that the lipases produced are different. These 
apparent differences may be partly due to the different 
assay methods employed m  these studies (Godfrey, 1983).
The lipase of R. arrhizus has been particularly well
studied (Benzonana, 1973). It has been shown to have an
optimum temperature of 37°C and to have two pH-activity
optima at pH 3.5 and 7.0. The enzyme is stable on
ostorage at up to 37 C and between pH 2 and 7 (Laboureur
& Labrousse, 1964, 1966). Various substrates have been
shown to be hydrolysed including olive oil, tnbutynn,
triacetin and polyester molecules (Semeriva & Dufour,
1972; Tokiwa & Suzuki; 1977). R. arrhizus lipase
hydrolyses fatty-acids from the 1,3-positions of
✓ /triglycerides (Semeriva et al., 1967 b). Calcium and
sodium ions have been shown to activate the enzyme, 
whereas iron ions and E.D.T.A. inhibit activity 
(Laboureur & Labrousse, 1966; Semeriva & Dufour, 1972). 
The enzyme is a glycoprotein with a molecular weight of 
43k daltons (Semeriva et al., 1969). Two active forms of 
the enzyme have been identified (Semeriva et al., 1967
a). The molecular conformation and active site of 
R. arrhizus lipase have been studied also (Tombs & 
Blake, 1982).
61.4. PRODUCTION OF INDUSTRIAL ENZYMES BY FUNGI.
%
Microbial enzymes have found many applications in 
industry (Beckhorn et al., 1965; Blain, 1975; Godfrey & 
Reichelt, 1983). In terms of bulk production proteases 
and carbohydrases are the most important enzymes. Most 
of these enzymes are produced by fungi (Beckhorn et al., 
1965; Godfrey & Reichelt, 1983). Lipases represent only 
a small proportion of total enzyme production.
Production of fungal enzymes involves a cultivation or 
fermentation stage, followed by a suitable product 
extraction stage (Aunstrup et al. , 1979; Blam, 1975;
Lambert, 1983). The fermentation may be conducted by 
either solid or submerged culture. Solid culture is 
conducted using sterilized, moistened, solid substrates 
on trays, which are then inoculated and incubated at 
constant temperature and humidity. The organism grows 
aerially over the medium and generally sporulates. This 
often allows a blend of enzymes to be produced and the 
technique is still used to produce Rhizopus 
amyloglucosidase and Aspergillus acid protease (Blain, 
1975). Submerged culture techniques were originally 
developed for fumanc acid production by Rhizopus, and 
later for penicillin production by Penicillium (Miall, 
1975). The technique involves cultivation in stirred, 
liquid culture media which are forcibly aerated (Gaden, 
1981). Generally, only vegetative growth occurs under 
these conditions and enzyme production may be directed
7more specifically. This is the most commonly used 
technique for enzyme production.
Production of enzymes by microorganisms is subject to a 
number of biochemical control mechanisms. The most 
important of these are: enzyme induction, feed-back
repression and catabolite repression by carbon or other 
nutrients (Demam, 1982; Paigen & Williams, 1970; Wang 
et al., 1977). Genetic constraints on enzyme production 
may be modified by strain mutation and selection (Calam, 
1972; Johnston, 1975). The molecular basis of enzyme 
production, control and secretion have recently been
reviewed (Priest, 1984; Rose, 1980). Other factors
affecting microbial growth also affect enzyme 
production. These include levels of nutrients, 
temperature and aeration-agitation m  fermenters. To 
avoid unwanted by-products, enzyme fermentations are 
invariably run aseptically (Gaden, 1981).
1.4.1. Production of lipase by Rhizopus species.
Production of lipase by Rhizopus has been studied m  
several species of this genus (Aisaka & Terada, 1979; 
Fukumoto et al. , 1966; Laboureur & Labrousse, 1966;
Tatsuoka et al. , 1959). These studies have all used 
submerged culture techniques. Lipase is produced
extracellularly mainly after growth has ceased and 
glucose has been depleted from the medium (Aisaka & 
Terada, 1979; Akhtar et al. , 1974; Laboureur &
8Labrousse, 1966? Macrae, 1983). The presence of glucose 
represses lipase production.
Although lipids have been shown to be required to induce 
lipase production m  Candida paralipolytica, Rhizopus 
cultures do not have such an absolute requirement, but 
lipids do stimulate production m  some species (Aisaka & 
Terada, 1979; Ota et al., 1968; Volkova & Lebedeva,
1979). Lipase production by R. arrhizus has been shown 
to be inhibited by addition of olive oil to the culture 
(Akhtar et al., 1974). R. oryzae, when grown in solid 
culture on soya beans, was found to produce high yields 
of lipase (Stemkraus et al. , 1960; Wagenknecht et al. ,
1961) . The lipid components of the soya beans were 
considered to have stimulated production. Sorenson and 
Hesseltine (1966) have shown that R. oliqosporus 
ultilizes mainly the fatty components of soya flour as 
most of the component sugars are not metabolizable by 
this species. Soya flour also contains a considerable 
nitrogenous component. R. cohnu cultures produced 
higher levels of lipase in the presence of full-fat soya 
flour, but much less with defatted soya flour (Volkova & 
Lebedeva, 1979) .
Various complex nitrogen sources have been used for 
lipase production by Rhizopus. These include peptones, 
yeast hydrolysates, casein and corn steep solids (Aisaka 
& Terada, 1979; Zubenko et al, 1978). Different optimum 
medium formulations have been devised for different
9Rhizopus species. Surfactants have been shown to 
stimulate enzyme secretion m  fungi but no studies have 
been conducted using these m  lipase production (Reese & 
Maguire, 1969). Cultivation temperatures have usually
0been around 30 C, which allows good growth of the mould. 
Oxygen levels m  submerged fermentation have been shown 
to be critical to good lipase production (Giuseppm, 
1984). Strain mutation and selection have been used to 
improve yields also (Sultanova & Zakirovr 1979).
Studies on Rhizopus physiology and growth are also 
relevant when media are being designed for a given 
purpose. Mineral requirements and substrate ulitization 
range have been investigated m  R. oligosporus and 
R. stolonifer (Fothergill & Yeoman, 1957; Sorenson & 
Hesseltme, 1966). Zinc ions and other heavy metals have 
been shown to strongly affect Rhizopus growth and 
physiology (Foster & Waksman, 1938; Foster, 1939; 
Wegener & Romano, 1963). R. oryzae and R. arrhizus have 
been shown to be potent producers of lactic and fumanc 
acids (Lockwood & Ward, 1936; Rhodes et al. , 1959,
1962). Mineral nutrition and metabolism of sporulation 
and germination have been studied m  R. arrhizus 
(Ekundayo & Carlille, 1964; Ekundayo, 1966; Lawler & 
Weber, 1980). Studies on mineral nutrition allow the 
determination of the minimum levels of nutrients 
required for growth and whether a given substrate is 
utilizable by the organism being studied.
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1.5. FERMENTER CULTIVATION OF FUNGI.
Submerged fermenter cultivation is the most widely used 
technique for aerobic production fermentations (Blam, 
1975? Gaden, 1981). It allows greater control of 
temperature, pH, aeration and broth homogeneity, 
compared with solid cultures (Gaden, 1981). The 
equipment usually consists of a baffled stenlizable 
tank, fitted with rotary impellers for agitation and 
piping for forced aeration (Gaden, 1981; Rhodes & 
Fletcher, 1966; Solomons, 1969). Some fermenter designs 
have no impellers, but use aeration alone to provide 
mixing and oxygenation of broth (Barker & Worgan, 1981; 
Greenshields & Smith, 1971).
Fungi present a number of problems when grown in 
submerged culture in fermenters. These include the 
provision of suitable inoculum, prevention of fouling of 
baffles and tubing with growth, and the dispersion of 
growth in the medium (Solomons, 1975; Rowley & Bull, 
1973). These problems may be particularly acute m  
laboratory fermenters. The provision of adequate 
aeration and agitation is often problematic m  fungal 
fermentations (Wang & Fewkes, 1977; Wang et al., 1979
b). These problems arise mainly due to the form or 
morphology of fungal growth. This morphology may be 
filamentous or pelleted (Metz & Kossen, 1977; Whitaker & 
Long, 1973) . The morphology may be affected by strain, 
inoculum, medium and conditions of growth. The
11
literature on fungal pelleting is discussed more fully 
in Section 1.6.
Growth morphology affects mass transfer of nutrients, 
oxygen and heat within a fermentation broth (Atkinson & 
Daoud, 1976; Wang & Fewkes, 1977). Filamentous growth 
reduces mass transfer to the bulk fermentation fluid and 
its increased viscosity requires a higher power input to 
maintain adequate mixing (Blakebrough & Hamer, 1963); 
Solomons & Weston, 1961). Such fermentation broths may 
be non-newtonian m  character (Wang & Fewkes, 1977). 
Aeration of the bulk fluid is more easily effected m  
pelleted than m  mycelial fermentations (Blakebrough & 
Hamer, 1963; Bnerley & Steel, 1959; Konig et al. , 1982; 
Phillips, 1966; Wang & Fewkes, 1977). However, pellets 
have a resistance to oxygen diffusion, such that pellet 
interiors are anaerobic (Huang & Bungay, 1973; Phillips,
1966). Aeration of bulk fermentation fluids may be 
enhanced by increasing aeration rate, vessel pressure, 
agitation speed or impeller diameter (Asai & Kono, 1982; 
Elsworth et al. , 195 7) . In dense mycelial fermentations 
these parameters interact m  a complex manner due to the 
non-newtonian nature of such fluids (Wang & Fewkes, 
1977). Filamentous fungi are often susceptible to damage 
by shear from impellers (Clark & Lentz, 1963; Dion et 
al., 1954, 1959). R. nigricans has been shown to be 
sensitive to shear (Hanisch et al., 1980). This limits 
the extent to which agitation may be increased to obtain 
higher aeration rates. If an organism is especially
12
sensitive to shear this can be reduced by removing the 
baffles from the fermenter (Oldshue, 1983).
Air-lift and tower fermenters have lower shear rates as 
mixing is provided by forced aeration alone (Malfait et 
al. , 1981; Smith & Greenshields, 1974). Power input is 
considerably lower in these fermenters compared with 
stirred tank reactors (Konig et al. , 1982; Schiigerl et 
al., 1983). Different designs for aerated fermenters 
have been proposed such as the air-lift with internal or 
external circulation of broth, and tower fermentation 
systems (Greenshields & Smith, 1971; Kiese et al., 1980; 
Konig et al., 1982). These systems have successfully 
been used to cultivate fungi at laboratory and
pilot-plant scales (Barker & Worgen 1981; Kiese et al. ,
1980; Konig et al., 1982; Morris et al., 1973; Smith & 
Greenshields, 1974). Aeration m  tower fermenters has 
been shown to be adequate for growing a variety of 
aerobic micro-organisms (Morris et al., 1973; Smith & 
Greenshields, 1974).
1.6. FACTORS AFFECTING FUNGAL GROWTH MORPHOLOGY.
The phenomenon whereby fungal filaments aggregate to 
grow as clumps is termed fungal pelleting. The structure 
and form of such clumps or pellets varies widely. They
range from loose, fluffy conglomerates of hyphae to 
larger pellets with a tissue-like structure and an 
autolyzed central cavity (Burkholder & Sinnott, 1945;
13
Clark, 1962). In larger pellets it has been found that 
only the outer hyphae are metabolically active (Yanagita 
& Kogane, 1963) . The morphology of fungal cultures may 
be controlled by varying strain, inoculum, growth medium 
and conditions (Burkholder & Sinnott, 1945 ; Cocker & 
Greenshields, 1977; Metz & Kossen, 1977; Whitaker &
Long, 1973). Generally it has been observed that 
different fungal species react differently to a given 
set of growth parameters. The level of spore inoculum 
used in flask cultures has been shown to affect
morphology. Low spore inocula led to pelleted growth, 
whereas levels above a critical number gave dispersed, 
filamentous growth in Penicillium chrysogenum and 
Aspergillus niger (Camici & Sermonti, 1952; Steel et 
al. , 1954; Testi-Campasano, 1959).
Growth media have been shown to affect fungal growth 
morphology. P. chrysogenum has been shown to grow as
filaments m  complex media at a pH of 6.0, but as
pellets m  media with a mineral nitrogen source at the 
same pH (Pirt & Callow, 1959) . Growth morphology of 
A. niger is affected by pH, ferrocyanide levels, surface 
active agents and lipids (Baig et al. , 1972; Galbraith & 
Smith, 1969; Steel et al., 1954; Takahashi et al.,
1965). High pHs (8.0), the presence of Tween-20 (0.05% 
v/v) or ferrocyanide (0.45 g/1) gave pelleted growth, 
whereas low pH (3.0) and the presence of Span-20 (0.05% 
v/v) resulted in filamentous growth of A. niger. Levels 
of metal ions and chelating agents have been shown to
14
affect A. niger growth in defined media (Choudhary & 
Pirt, 1965). Mortierella vinacea has been shown to form
pellets in media of pH 5, but filamentous growth at pH 8
(Kobayashi & Suzuki, 1972 a). Surface-active agents did 
not affect this mould but oleic acid reduced the pellet 
sizes (Kobayashi & Suzukir 1972 b). The presence of
solid materials m  the form of ground corn has been 
shown to disperse growth of A. candidus (Smiley et al.,
1967). Increasing the medium viscosity by addition of 
sodium alginate, carboxymethyl cellulose or dextran 
disperses growth of P. chrysogenum and A. niger
(Takahashi et al. , 1960 a, b). Conversely, viscosity has 
been shown to cause pelleting m  M. vinaceae (Kobayashi 
& Suzuki, 1972 b). A number of non-viscous polymers have 
been shown to affect the morphology of A. niger
(Elmayergi et al., 1973). Anionic polymers were most 
effective at dispersing growth. One of these, 
Carbopol-93 4, a carboxypolymethylene polymer, was shown 
to affect growth rate, respiration and potassium and 
oxygen uptake (Elmayergi et al., 1973? Elmayergi &
Moo-Young, 1973; Moo-Young et al. , 1969). These effects 
were considered to be partly due to the dispersion^ of 
fungal growth.
Physical parameters such as agitation have been shown to 
affect growth morphology. Higher shaker speeds reduce 
the pellet sizes of M. vinaceae m  flask cultures 
(Kobayashi & Suzuki, 1972 a). Agitation in stirred
fermenters also affects mould morphology (Dion &
15
Kaushal, 1959; Suijdam & Metz, 1981). High levels of 
agitation reduced the lengths of hyphae m  
P. chrysogenum cultures, although a similar effect was 
observed at lower agitation levels when aeration was 
increased (Dion et al. , 1954). A. flavus has been shown 
to be dispersed by agitation,whereas intense agitation 
resulted m  pellet formation in Rhizopus and Mucor 
species (Campasano et al. , 1959; Dion & Kaushal, 1959).
The sequence of events leading to pellet formation 
include spore-spore, spore-mycellal and inter-mycelial 
interactions (Cocker & Greenshields, 1977; Galbraith & 
Smith, 196 9; Metz & Kossen, 1977; Whitaker & Long, 
1973). These interactions would be affected by the 
surface properties of both mycelia and spores (Atkinson 
& Daoud, 1976; Galbraith & Smith, 1969).
1.7. FUNGAL FERMENTATION PROCESS DEVELOPMENT.
In developing a fungal fermentation process a number of 
important considerations need to be borne in mind. A 
productive stock culture of the producing organism needs 
to be maintained (Rhodes & Fletcher, 1966). This may be 
achieved by subculturmg regularly on suitable agar 
media and by lyophilization when no culture-collection 
source is available (Collins & Lyne, 1979). Industrial 
strains may be screened for from natural sources and 
subsequently improved by mutation procedures (Calam, 
1972; Johnston, 1975). These stock cultures need to be
16
kept free of strain variation and contamination. (Gaden, 
1981; Rhodes & Fletcher, 1966).
Inoculum development procedures must be standardized as 
these affect subsequent growth and production 
capabilities (Calam, 1976; Meyrath & Suchanek, 1972). 
Fungal metabolism in particular is affected by the 
inoculum conditions due to senescence of mycelia 
(McIntosh & Meyrath, 1963; Meyrath & McIntosh, 1963; 
Taber, 1957; Ward & Coletelo, 1960). Both spore and 
vegetative inoculation procedures need to be 
standardized. Spore inocula are generally standardized 
by counting m  suitable chambers and by using fresh 
spore suspensions obtained from agar cultures (Collins & 
Lyne, 1979; Meyrath & Suchanek, 1972). Vegetative 
inocula may be standardized using culture age, depletion 
of nutrients and dry weight analysis (Calam, 1969, 
1972). The physical conditions and media used may be 
optimized using these procedures to develop reproducible 
inocula.
Developing a production medium involves selection of 
nutrients which will allow good growth and production. A 
number of the factors affecting enzyme production have 
already been discussed (Sections 1.4 and 1.4.1). If some 
nutrients are found to inhibit product accumulation when 
present above a critical concentration, fed-batch 
methods may be used to limit such inhibition (Gaden, 
1981). Media ingredients for industrial fermentations
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need to be cheap, so a wide range of nutrient 
by-products from agriculture are used (Calam, 1967; 
Rhodes & Fletcher, 1966; Solomons, 1969). Production 
media may differ from inoculum media (Rhodes & Fletcher,
1966) .
Fungal growth morphology may be filamentous or pelleted 
depending on strain and conditions used (Metz & Kossen, 
1977; Calam, 1976; Whitaker & Long, 1973). Different 
fermentations require different growth morphologies for 
optimum product yields. Morphology may be affected by 
inoculum development procedures used. Filamentous growth 
is generally preferred for penicillin production from 
P .chrysogenum.although pelleted growth has also been 
tried (Calam, 1976; Konig & Schiigerl, 1982). Citric acid 
production by A. niger requires pellets of a particular 
size for optimum production (Sodeck et al., 1981; Steel 
et al. , 1954). For itaconic acid production by
A. terreus.pelleted growth is preferred (Nelson et al., 
1952). Higher yields of fumaric acid were obtained from 
R. arrhizus when it was grown m  a filamentous form 
(Rhodes et al. , 1959, 1962). Pectic enzyme production by 
A. niger has been reported to be enhanced when growth 
occurred as filaments (Tuttobello & Mill, 1961). 
Therefore,in developing a new fungal process the optimum 
growth morphology must be determined.
Much developmental work, such as screening for strains, 
media optimization and inoculum development, may be
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conveniently carried out using shake-flask methods 
(Kuenzi & Auden, 1983; Rhodes & Fletcher, 1966; 
Solomons, 1969). Laboratory fermenters may then be used 
to determine the optimum conditions of agitation and 
aeration for product accumulation. The final scale of 
production is determined by assessing the economics of 
the overall process. (Stowell & Bateson, 1983; Wang et 
al. ,1979 b). The aim of scale-up of fermentation 
processes is to maintain optimum conditions at each 
scale (Wang et al., 1979 b). Conditions most often
examined include power input, impeller tip-speed, oxygen 
transfer rates and mixing patterns in fermenters 
(Einsele, 1978; Lilly, 1983; Oldshue, 1983; Wang et al., 
1979). In fungal fermentations adequate mixing must be 
provided, while avoiding mechanical damage to mycelia. 
Aeration may be affected by the presence of a heavy 
mycelial suspension (Wang & Fewkes, 1977). Alternative 
fermenter designs to the stirred tank reactor may be 
considered, such as the air-lift and tower fermenter 
reactors (Barker & Worgan, 1981; Greenshields & Smith, 
1971).
\
Extraction of extracellular enzymes from fermentation 
media is usually developed m  parallel with production 
media development. This is because media constituents 
may affect subsequent filtration and extraction of the 
enzyme (Atkinson, 1973; Aunstrup et al., 1979; Blain,
1975; Lambert, 1983). For an industrial fermentation to 
remain competitive it must be continually improved
(Kiienzi & Auden, 1983; Stowell & Bateson, 1983). This 
may be achieved both by routine laboratory selection of 
media and strains, and by continually monitoring 
performance in plant-scale equipment.
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2. MATERIALS AND METHODS.
2.1. CHEMICALS.
Chemicals used m  enzyme assays and other biochemical 
analyses were of Analar or analytical grade, unless 
otherwise stated. Those used for laboratory cultures 
were of General Purpose Reagent grade. Materials used 
for 16, 250 and 3,000-litre fermenters were of
industrial or food grade and were obtained from Biocon 
Ltd. , Ireland. The source of laboratory chemicals was 
either B. D. H. Ltd., England or Reidel-de-Haen AG, 
Germany, depending on availability. Biochemicals were 
obtained from Sigma London Ltd., England. Routine 
microbiological agar and media were of Oxoid brand. 
Commercial enzyme preparations were obtained from Biocon 
Ltd. , Ireland. Carbopol-93 4 was obtained f rom B. F. 
Goodrich Ltd., U.S.A., as a gift. Sodium taurocholate 
(F.I.P. controlled) was obtained from Biocon Ltd., 
Ireland. Water used for media preparation and enzyme 
assays was distilled and deionized. Batching of 25 0 and 
3,000-litre fermenters used tap water.
2.2. FUNGAL CULTURE.
2.2.1. Source of strain.
The culture was obtained from the American Type Culture 
Collection, U.S.A. (A.T.C.C.) number 10260 (also listed
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as 12732), and stated as being the equivalent of Central 
Bureau de Schimellcultures, Holland, (C.B. S.) 329.47;
and Northern Regional Research Laboratory, U.S.A. 
(N.R. R. L. ) 15 26. The organism was named Rhizopus
arrhizus Fischer by A.T.C.C., but as R. oryzae by
N.R.R. L.
2.2.2. Culture maintenance.
Stock cultures were maintained on yeast-malt extract
oagar slopes, subcultured each month and stored at 4 C. 
Cultures took 4-5 days to grow and sporulate at 30°C. 
The growth had a fluffy appearance which filled the 
universal container until growth pressed against the 
glass. White mycelia formed initially, with black 
sporangia appearing later. Yeast-malt extract agar 
contained: yeast extract, 4 g/1; malt extract, 10 g/1;
glucose, 4 g/1; Oxoid Agar No. 3, 20 g/1; pH 7.0. The
materials used were of food grade
2.2.3. Detection of contamination.
Bacterial contamination of stock cultures, spore 
suspensions or fermentation samples was detected by 
plating samples onto Nutrient Agar (Oxoid) containing
0.1 mg/1 cycloheximide. Incubation was conducted at 30°C 
overnight. This procedure was used routinely but 
contamination was encountered only rarely.
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2.2.4. Lipase productivity test.
Stock cultures were routinely checked for lipase 
productivity by inoculating 25 0ml conical flasks 
containing 100 ml Medium E with a standard spore 
inoculum (lxl0*/ml) and incubating on an orbital shaker 
under standard conditions (Sections 2.3 and 2.4). Lipase 
activity was then assayed after 72 hours growth (Section 
2.8.2). Under these conditions up to 100 u/ml were 
obtained from good stock cultures.
2.3. SPORE INOCULUM PREPARATION.
R. arrhizus was cultured on yeast-malt extract agar 
(Section 2.2.2), 20 ml in a 25 0 ml conical flask, for 4 
days at 30°C. Spores were washed from the culture with 
20 ml of Tnton-X 100 (0.01% v/v) under sterile
conditions. This produced a dense, black spore 
suspension free of mycelia. Spores were counted using a 
phase-contrast microscope and a Hawksley counting 
chamber. Suspensions were counted m  triplicate 
according to standard procedures (Collins & Lyne, 1979). 
The suspension was adjusted to give 1-3x10 spores/ml. 
Suspensions were found to be unaffected by storage at 
4°C for 1 month. If stored for longer periods, however, 
poorer growth and enzyme yields resulted.
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2.4. SHAKE-FLASK CULTIVATION.
Throughout the experimental work shake-flask cultures 
were incubated at 30°C on an LH Engineering 2-tier 
orbital shaker (model MK II/III) at 15 0 r.p.m. with a 
displacement of 50 mm. The table had accomodation for 
all conical flask sizes used from 25 0 ml to 2-litre. 
Unless otherwise stated, 25 0 ml conical flasks 
containing 100 ml of medium were used.
2.5. BIOMASS DETERMINATION USING DRY WEIGHT ANALYSIS.
Dry weight is a convenient method for measuring fungal 
biomass but is subject to a number of limitations 
(Calam, 1969). It is used to measure levels of 
vegetative growth in soluble media.
The procedure developed was as follows: filter papers
(Whatman type 1, 9 cm diameter) were dried at 110PC to 
constant weight in glass petri plates. These were then 
transferred to a dessicator and cooled under vacuum. The 
papers were then weighed on a balance weighing grams to 
4 decimal places. Biomass was harvested from flask 
cultures using the filter papers on a Buchner funnel. 
The mycelia were then washed with three culture volumes 
of distilled water. The filters were then dried, cooled 
and weighed as before. Dry weight was determined by 
difference. Controls consisted of water or media, but 
generally gave only ~2 mg. Determinations m  which
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controls exceeded 10% (w/w) of samples were discarded. 
Good reproduction was obtained among triplicates.
2.6. FERMENTER CULTIVATION.
Fermenters used on laboratory-scale were of 7.5-litre 
(Laboferm, New Brunswick Scientific) and 16-litre 
(Microferm, New Brunswick Scientific) gross capacities. 
These were run with 5 and 10 litres of media, 
respectively. Inoculation and sampling of fermenters was 
carried out using sterile techniques. Laboferm
Qfermenters were sterilized at 15 p.s.i. and 121 C for 35 
minutes. Microferm fermenters were sterilized m-place 
with steam and maintained at 15 p.s.i. and 121°C for one 
hour or longer, depending on media being used. Insoluble 
medium components, such as maize or starch, required 
longer sterilization periods.
Pilot and plant-scale fermenters, of 250 - and 3,000- 
litres gross capacity respectively, were also used. 
These were of stainless steel construction and were run 
with 200 and 2,000 litres of media. They were sterilized 
by steam also, as above. The dimensions and specif­
ications of the fermenters used are shown in Table 2.1.
All fermenters, except Laboferm (7.5-litre) were run at 
5 p.s.i. back-pressure to control foaming and to reduce 
the risk of contamination. Levels of aeration and
agitation used were as indicated with individual
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Table 2.1. Dimensions of fermenters used.
(Volumes measured in litres,lengths in cm) .
Fermenter A. B. C. D.
Total volume 7.5 16.0 250.0 3,000.0
Medium volume 5.0 10.0 200.0 2,000.0
Vessel diameter 14.0 22.0 50.0 122.0
Impeller number 3 3 1 2
Impeller diameter (Di) 5.0 7.0 20.0 45.0
Impeller spacing 9.5 9.5 - 77.0
Impeller speed r.p.m. (N) 450 200 230 72/104
Impeller-tip speed 
(TfN Di) (a) cm.sw 117.8 73.3 240.9 169.6/245
Impeller shear 
(NvDiv ) (b) xlO 1.4 0.54 5.9 2.9/6.1
Number of baffles 4 4 4 4
Baffle width 1.5 2.0 6 15
Distance baffle-wall 0.5 1.5 1.0 3.5
Distance impeller tip-wall 2.8 4.0 8.0 20.0
Aeration-maximum level 
(v/v/m) 2.0 2.0 2.0 2.0
References: (a) Wang et al., 1979 b.
(b) Wang & Fewkes,1977.
Qexperiments m  Results. All fermenters were run at 3 0 C. 
Foaming was controlled by addition of Kg-Antifoam 
(Biocon, Ireland) as required at ~3 ml/1.
2.7. FERMENTATION MEDIA.
2.7.1. Medium A. Casein inoculum medium.
Casein hydrolysate, 13 g/1; glucose 45 g/1? pH 6.0.
Casein (food grade) was hydrolysed as a 200 g/1
suspension by adding 6 g/1 Fungal Protease (2.7x10*
oH.U. T. units, Biocon, Ireland) and incubating at 50-55 C 
with vigorous agitation for 4 hours. The assay used for 
quantifying the enzyme is given m  Appendix 1. Glucose 
used was of food grade also.
2.7.2. Medium B(l/2). Peptone inoculum media.
(1) Soya peptone, 13 g/1; glucose, 45 g/1; at pH 6.0.
(2) Soya peptone, 5 g/1; glucose, 20 g/1; at pH 6.0.
Materials used were of food grade. # Soya peptone was 
obtained from Biocon Ltd., Ireland.
)
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2.7.3. Medium C. Soya inoculum medium.
Soya flour (full-fat), 10g/l? glucose, 45 g/1? at pH
6.0.
Food grade materials were used.
2.7.4. Medium D. Lipase production medium
Ground maize (hydrolysed), 45 g/1? casein hydrolysate, 
13 g/1? (NH4)1S0^, 13.3 g/1? MgS04. 7 Ha0, 8.8 g/1?
CaCla, 28 g/1? CaCo^ , 20 g/1? at pH 6.50.
Maize was hydrolysed enzymatically by suspending in a
solution containing 2 mM NaCl and 2 mM CaCl^ at pH 6.0.
Canalpha was added at 450 u/ml and incubation conducted 
oat 75 C for 30 minutes. The pH of the suspension was 
adjusted to 4.5 and 2 u/ml of Amylo added. Incubation
owas continued for a further 30 minutes at 60 C. Canalpha 
is an«c-amylase preparation which partially liquefies 
the maize. Amylo is an amyloglucosidase preparation 
which saccharifies starch. These products were obtained 
f^om Biocon Ltd., Ireland, and the method used to assay 
them is given m  Appendix 1.
Casein hydrolysate was prepared for this medium m  the 
same way as for Medium A. Grades of chemicals used were 
as indicated in Results and Section 2.1.
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2.7.5. Medium E. lipase productivity medium.
Ground maize (hydrolysed), 45 g/1; Bacteriological
Peptone (Oxoid), 12.7 g/1; CaCO?, 20 g/1; MgSO^. 7 Hj_0,
8.8 g/1; KNO} , 5.7 g/1; ( N H ^ ' H  PO^, 3.7 g/1; CaC^,
0.01 g/1; at pH 6.5.
Ground maize hydrolysed as for Medium D, but only 
Canalpha hydrolysis applied. Chemicals of General
Purpose Grade were used.
2.7.6. MEDIUM F. DEFINED MEDIUM.
Component solutions: Final concentration:
1. Glucose 10g/l (unless
otherwise stated)
2. KHjPO^-KjHPO^ buffer, pH 2.2 0.01 M
3. (NH*)aS0^ 0.10 M
4. MgS0^.7Ha0 1.25 mM
ZnSOj^HjO 0.03
MnSOp.4HaO 0.20
5. FeClj.6HxO 
CuSO^ . 5H^O
0.09 mM 
0.03
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These solutions were sterilized separately and 
recombined to the final concentrations shown. All 
materials used were of Analar grade.
2.7.7. Source of media formulations.
Media A, D and E were developed at Biocon Ltd., Ireland. 
Media B and C were developed in the course of this 
project. The defined medium was based on that of 
Sorenson and Hesseltme (1966), the only modification 
being that we used 0.03 mM ZnSO^ with no E.D.T.A. in the 
standard formulation.
2.7.8. Sterilization procedures.
Media were sterilized m  flasks at 121°C and 15 p.s.i. 
for an appropriate period. Insoluble ingredients 
required longer autoclavmg periods, whereas soluble 
media with glucose tended to carmelize if sterilized for 
long periods. Large fermenters were sterilized by steam 
injection. Defined medium components were sterilized 
either by autoclavmg or by Milli-pore filtration.
2.8. ANALYTICAL PROCEDURES.
2.8.1. Estimation of reducing-sugars.
Reducmg-sugars were estimated using the D.N.S. method 
(Miller, 1959). Results were expressed as reducing
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equivalents g/1, using glucose as standards.
D.N.S. reagent-
3,5-dinitrosalycylic acid, 10 g/1? potassium sodium
tartarate, 300 g/1? sodium hydroxide, 16 g/1 were
dissolved m  600 ml water by heating, without boiling. 
The solution was cooled and diluted to 1 litre.
)
Procedure;
Samples and standards (glucose) were diluted to 0.3-1.5 
g/1 reducing sugar equivalents. 1 ml samples were added 
to 1 ml water and 2 ml D.N.S reagent. The tubes were 
placed in boiling water for 10 minutes and then cooled. 
10 ml water was then added to each tube, the contents 
mixed by inversion and absorbance at 540 n.m read on a 
Pye CJnicam SP6-550 Spectrophotometer. The instrument was 
set at zero using a substrate blank, made by adding 2 ml 
water to 2 ml D. N. S reagent and boiling and diluting as 
for test samples. Reducing - sugars in unknown samples 
were determined using a standard curve of glucose
0.1-1.5g/l plotted against absorbance at 540 n.m.
2.8.2. Lipase assays.
Two assays were used: one using olive oil as substrate 
based on Naher (1974)? and another using tnbutyrin as 
substrate was developed m  the course of this project
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(Section 3,5). Units were expressed according to the 
Federation Internationale Pharmaceutique or F.I.P. units 
(Naher, 1974).
2.8.2.1. Olive oil assay.
Principle:
Lipase enzymes react with an olive oil emulsion, at pH
o7.0 and 37 C with constant stirring, releasing fatty- 
acids from triglycerides. These lower the pH when 
ionized, but pH is held constant by continuous titration 
with sodium hydroxide solution. The number of moles of 
NaOH required to maintain pH is equivalent to number of 
moles fatty-acids released. Some fatty - acids released 
have p|Ca above 7.0, so the reaction mixture is titrated, 
after holding at pH 7.0 for 10 minutes, to pH 9.0. The 
number of moles of fatty-acids released per minute, per 
ml of enzyme, is defined as one F.I.P. unit. Sodium 
taurocholate added acts as a fatty - acid acceptor, 
preventing enzyme inhibition and enabling linear 
kinetics to be obtained. Calcium ions aid ionization of 
long-cham fatty-acids and gum arabic stabilizes the 
emulsion (Desnuelle, 1972) .
1. Olive oil neutralization:
Free fatty-acids m  olive oil (Sigma London Ltd.) were 
neutralized by adding 500 ml to 200 ml of an aqueous
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slurry containing 150g sodium carbonate. The mixture was
ostirred gently for 30 minutes at 45 C, and left 
overnight in a separatory funnel. The oil was then 
decanted and centrifuged to remove excess sodium 
carbonate.
2. Gum arable solution:
110 g gum arable (Sigma London Ltd) and 12.5g CaCl^.
2 ^ 0  were dissolved by stirring in water. The solution
owas diluted to 1 litre, centrifuged, and stored at 4 C.
3. Substrate emulsion:
400 ml gum arable solution and 130 ml neutralized olive
coil were blended at high speed for 15 minutes at 4 £. A 
Sorvall Omni-Mixer was used.
4. Sodium hydroxide solution:
10 mM NaOH solution was made immediately prior to use 
with boiled distilled water. A burette (50 + 0.1 ml) was 
filled with this solution.
5. Sodium taurocholate solution:
t
0.25 g of F.I.P. controlled sodium taurocholate was 
diluted to 50 ml with water.
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6. Enzyme diluent:
A solution containing NaCl (10 g/1) was used to dilute 
samples to 2-4 F.I.P, units/ml.
Procedure:
100 ml glass beakers were used as reaction vessels and 
were maintained at 37°C in a water bath, stirring the 
contents continuously with a magnetic stirrer. The 
following reaction mixture was added to each vessel: 2 4
ml substrate emulsion, 9 ml water and 2 ml sodium 
taurocholate solution. The temperature was equilibrated
oto 37 C and pH adjusted to 7.0. The enzyme sample (5 ml) 
was then added and pH maintained at 7.0 for 10 minutes, 
by titration with 10 mM NaOH. After 10 minutes the pH 
was brought rapidly to 9.0. The volume of NaOH used was 
read from the burette (Vj ). An enzyme blank was run for 
each sample by adding 5 ml of enzyme dilution to a 
reaction mixture and bringing the pH to 9.0 immediately 
IV% ) .
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Calculation:
Since 1 ml of 10 mM NaOH neutralizes 10 ^moles of fatty 
acids, and 5 ml of enzyme dilution was reacted for 10 
minutes, enzyme activity may be calculated from:
(V, -V^ ) x 10 x Dilution = F.I.P. units/ml.
10 x 5
2.8.2.2. Tributynn assay.
Principle.
This assay was developed during the project (Section
3.5), based on suggestions m  the literature (Desnuelle, 
✓ /1972; Semeriva, 1972). The assay uses a tributynn 
emulsion as substrate instead of olive oil. It differs 
from olive oil assay in that the emulsion is maintained 
only by mechanical agitation. Bile salts were found to 
inhibit enzyme activity completely in the assay.
Reagents:
1. Tributynn emulsion:
Tributynn (grade II, Sigma London Ltd.) 5 ml, was added 
to 100 ml diluent containing 0.1 M NaCl and CaCl^ The 
mixture was then agitated vigorously on a magnetic
stirrer using a 2 cm magnetic bar.
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2. Sodium hydroxide solution:
5 mM NaOH was prepared using boiled distilled water. A 
10 ml + 0.02 ml burette was filled with the solution.
3. Enzyme diluent:
A solution containing 10 g/1 NaCl was used to dilute 
sample to 10-20 F.I.P. units/ml.
Procedure:
100 ml glass beakers were used as reaction vessels and
omaintained at 37 C using a thermostatic water bath. 30 
ml of the tributynn emulsion were dispensed, into these 
beakers and vigorous stirring maintained during the 
assay. The temperature was held at 37°C and pH adjusted 
to 7.0. 1 ml enzyme dilution was added at zero time and 
pH held constant for 5 minutes. The volume of NaOH 
required was measured (V). No titration to a higher pH 
was required as butyric acid has a ptaof 4.5.
Calculation:
Since 1 ml of 5 mM NaOH neutralizes 5 yumoles of butyric 
acid, and 1 ml of enzyme was reacted for 5 minutes, 
activity may be calculated by:
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Tributyrinase units/ml = V x 5 x dilution
5
Lipase activity on tributynn was consistently found to 
be a factor of 5-times less than activity on olive oil. 
The calculation was modified to give:
F.I.P. units/ml = V x dilution x 5
2.8.3. Assay for divalent cations.
The method was the Solochrome-Black titration method 
used for determining water-hardness (Vogel, 1978).
Principle:
Solochrome-Black when complexed with divalent ions is 
red in colour. If all these ions are removed by E.D. T.A. 
the colour changes to blue (Vogel, 1978). Magnesium ions 
added sharpen the colour change.
Solutions:
1. Buffer pH 10.0: 142 ml concentrated ammonia (sp. gr.
0.88-0.90) was mixed with 175g NH^Cl, the pH adjusted to
10.0 and the volume made up to 25 0 ml.
2. Indicator: Solochrome-Black 0.3 g/1 and 29.7 g/1 KNO^ 
were added to distilled water as an insoluble
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suspension.
3. Mg-EDTA: solution containing 0.2M EDTA and MgSO^
4. Standards: 0.1-1.0 mM MgSO^
Procedure:
50 ml of sample or dilution was added to a 250 ml flask. 
1 ml buffer, 1 ml indicator and 0.1 ml Mg-E.D.T.A. were 
then added and the colour changed to a pure red. The 
mixture was titrated with 0.01 M E.D.T.A., swirling 
constantly, until the colour changed to a pure blue.
Calculation:
Titre x 0.01 x 20 = mM divalent cations.
2.9. FUNGAL GROWTH MORPHOLOGY.
Samples of growth were taken, where possible, using a 10 
ml pipette, either inverted or upright. This was diluted 
m  100 ml water and shaken to see how well it dispersed. 
Reference was then made to a key drawn up m  the course 
of the project (Section 3.7).
For macro-photography, samples of growth were placed m  
petri-plates before being photographed with a standard 
Olympus Om-lO camera with ASA 5 0 Ilford film, under
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flash-gun illumination.
For mlcro-photography, samples of growth were 
wet-mounted onto slides and photographed under a Nikon 
Optiphot phase-contrast microscope. The camera used was 
the same as above, except an extension shutter release 
cable was used.
Magnifications used ranged from 4 00 to 100 times. 
Micrometry was conducted using an eye-piece micrometer 
graduated using a standard graduated slide for each 
magnification (Collins & Lyne, 19W ).
2.10. ROUTINE MEASUREMENTS AND INSTRUMENTATION
s4
pH was measured using an Orion Research Ionalyser Model 
501. Temperature could also be measured using this 
instrument. Viscosity was determined using a Brookfield 
Digital Viscometer (Model LVTD), fitted with a 
UL-Adaptor.
Spectrophotometric measuremts were conducted on a Pye 
Unicam SP6-55 0 u.v./vis. Spectrophotometer with a 1 cm 
light path. Balances used routinely included an Oertling 
Top Pan balance (1.6 Kg ± O.lg); Sartonous 1219 MP 
electronic balance (600g + O.Olg) and Precisa 80A
electronic balance (30g + O.OOOlg). Centrifugation was 
carried out using a bench-top Heraeus Christ Model 600 
capable of up to 5,000 r.p.m.
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Microbiological techniques were generally carried out 
according to Collins and Lyne (1979),
2.11. EXPERIMENTATION AND ANALYSIS
Experiments were carried out m  duplicate and repeated 
at least twice. Reproducibillty of experiments was 
generally good. Results or findings which could not be 
repeated were discarded and accordingly are not reported 
m  this thesis.
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3. RESULTS.
3.1. CHARACTERIZATION OF FLASK INOCULUM.
Many authors have emphasized the importance of inoculum 
standardization for experiments with fungi (Calam, 1976; 
Ward & Coletelo, 1960). Similarly, for reproducible 
results from industrial fermentations a suitable 
inoculum needs to be provided (Meyrath & Suchanek, 1972; 
Rhodes & Fletcher, 1966). Growth may be affected by 
inoculum type, age and levels, culture medium and 
conditions (Calam, 1976; Solomons, 1975; Whitaker & 
Long, 1973). For cultivation of fungi two types of 
inoculum may be used: spores and vegetative growth.
Spore suspensions may conveniently be used as an initial 
standardized inoculum for developing vegetative growth 
m  shake-flasks (Solomons, 1975). The levels used can be 
standardized by counting and dilution (Section 2.3). The 
following exenments were conducted to characterize 
vegetative inocula for flasks and fermenters.
3.1.1. Age of stock cultures and spore suspensions.
The age of stock cultures of R. arrhizus was found to 
affect the orgamsims1 ability to grow on agar and to 
sporulate. From exerience accumulated during the project 
a standard procedure was devised for subculturing 
(Section 2.2.2). It was found to be essential to 
subculture at monthly intervals, otherwise strain
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degeneration occurred.
Similarly, the storage period of spore suspensions at 
4 °C affected growth and enzyme production. A standard 
procedure was devised for preparing spore suspensions 
(Section 2.3). If suspensions were stored for longer 
then 4 weeks, degeneration occurred and growth and 
enzyme yields were lower. This experience is consistent 
with previous findings related to maintaining fungal 
cultures for enzyme fermentations (Ward O.P., personal 
communication).
3.1.2. Vegetative growth in shake-flasks.
Levels of spore inocula were varied in replicate 25 0 ml 
conical flasks containing 100 ml Medium A (Sections 2.3 
and 2.7.1). Incubation was conducted for 18 hours, under 
standard conditions, and vegetative biomass yields 
determined by dry weight (Sections 2.4 and 2.5). The 
results are shown in Table 3.1.
As the spore inoculum was increased biomass yield after 
18 hours also increased. The morphology of this growth 
was reasonably dispersed giving good growth throughout 
the medium (Figure 3.1). At levels of inoculum below 
those shown in Table 3.1, growth was poor, occurring as 
a few, discrete round marbles up to 1 cm diameter.
A spore inoculum level of lxlO^/ml culture was used,
under the same conditions, to determine the effect of 
incubation time on biomass yield. Replicate flasks were 
given the same spore inoculum and three replicates were 
harvested for biomass analysis after different 
incubation periods. The results are shown in Figure 3.2.
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Table 3.1. Effect of spore inoculum level on biomass 
production by R. arrhizus
Spore inoculum level Biomass Final pH
(No./ml culture) (mg/100 ml)
5 x 10* 168.6 3.53
1 x 10* 206.1 3.40
2 x 10* 246.1 3.03
5 x 10* 340.5 2.84
Cultures were grown in 100 ml Medium A m  250 ml conical 
oflasks at 30 C and 150 r. p.m. and given different 
inoculum levels. Replicate flasks, at least 3 each, were 
harvested after 18 hours incubation for biomass 
analysis.
Biomass increased at an approximately linear rate 
between 15 and 28 hours, after which biomass remained 
constant. It was shown that the growth rate was not 
exponential by the non-linear plot of logarithms of dry 
weight against time (Choudhary & Pirt, 1965). The 
biomass remained dispersed (i.e. filling medium) up to
V43
Figure 3 1 Samples of R.arrhizus biomass removed from shake-flask 
cultures in Medium A.
1. Clumped, coalesced growth after 24 hours incubation
2 More dispersed growth after 18 hours
a
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Figure 3 2 Effect of incubation time on biomass yield (I) and pH (0) of 
R arrhizus cultures m  Medium A (100 ml) m  250 ml conical flasks, with
spore inoculum 1 x 10 /ml, and incubation conducted at 30°C and 150 r p m
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20 hours incubation, after which it coalesced to form 
one single clump or fungal mass. This was especially 
marked for incubation periods greater then 2 4 hours, 
when the vegetative growth was difficult to remove from 
the culture flasks. These growth morphologies are 
illustrated in Figure 3.1. This coalescence of growth 
was considered undesirable for an inoculum as it 
dispersed poorly m  inoculated media. It should be noted 
also that pH dropped from 6.0 to 3.2, due to fumarate 
production (Rhodes et al., 1959).
3.1.3. Preliminary experiments on growth morphology.
Media constituents have been reported to affect growth 
and morphology of fungi m  submerged culture (Metz & 
Kossen, 1977; Whitaker & Long, 1973). In cultures of 
other fungi, peptone derived from soya beans has been 
shown to induce dispersed growth (Biocon Ltd., personal 
communication).
Limited experiments were conducted at this stage to try
to prevent coalescence of growth occurring in inoculum
flasks. Comparative cultures were grown m  Medium A and
Medium B(l), in which casein hydrolysate was replaced by
soya peptone (Sections 2.7.1 and 2.7.2). Media (500 ml)
were dispensed into 1-litre conical flasks, inoculated 
4with 1x10 spores/ml culture, and incubated for 18 hours 
under standard conditions, when biomass was determined. 
It was found necessary to use larger flasks because
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wall-growth occurred when using Medium B(l) in 250 ml 
conical flasks (Section 2.7.2). Typical results are 
presented in Table 3.2.
Table 3.2. Comparison of growth R. arrhizus in casein 
and peptone media
Medium (g/1): Biomass: pH
Glucose Casein Peptone (Medium) Dry weight Initial Final
(mg/100ml)
45 13 - (A) 93.1 6.12 3.90
45 - 13 (B.l) 114.2 6.00 3.78
Although biomass levels m  Medium B(l) were higher than 
m  Medium A, the growth was not dispersed.
Surface-active agents, such as Span-20, have been
reported to disperse growth of fungi (Takahashi et al. ,
1965). An experiment was conducted m  which Medium A and
B(1) were supplemented with Span-20 and the effect on
growth examined. Replicate flasks were inoculated with 
41x10 spores/ml culture, and incubated under standard 
conditions (Sections 2.3, 2.4, 2.5 and 2.7). After 18 
hours, growth morphology was examined and biomass levels 
determined. The results are presented in Table 3.3. The 
level of biomass was reduced when Span-20 was added to 
Medium A or B(l). Higher levels of Span-20 reduced the 
yield of biomass further. At 0.4% (v/v) Span-20, growth
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remained dispersed up to 3 0 hours incubation, after 
which coalescence occurred. Medium A with Span-20 was 
later evaluated for use as an inoculum for production 
flasks (Section 3.2.2).
Table 3.3. Effect of Span-20 on qrowth of R. arrhizus
on peptone and casein media
Medium Span-20 Biomass
% (v/v) (mg/100ml)
(
( " 191.2
Casein i 0.01 213.6
(A) [ 0.1 144.9
[ 0.4 102.3
( - 
(
NM
Peptone ( 0.01 
(
£ 0.1
165.3
(B 1) 138.6
( 0.4 120.2
Levels of nitrogeneous materials in culture media have 
been shown to affect growth morphology and pH of fungal 
fermentations (Fukumoto et al. , 1974; Solomons, 1969;
Whitaker & Long, 1973). An experiment was conducted m  
which levels of casein hydrolysate and glucose m  Medium 
A were varied and the effect on growth morphology, 
biomass and pH determined. Because replicate flasks were
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required to accurately measure biomass yields, the 
number of combinations of glucose and casein which could 
be tested were limited. Cultures were grown under 
standard conditions for 18 hours, from a spore inoculum 
of 1x10 spores/ml culture. Growth morphology, biomass 
yield and pH were then determined (Sections 2.3, 2.4,
2.5 and 2.9). The results of two such experiments are 
presented in Table 3.4. Increasing glucose levels from 
20 g/1 to 100 g/1 progressively reduced biomass, while 
affecting pH and growth morphology very little. Higher 
levels of casein hydrolysate (e.g. 30 g/1) reduced
biomass yieldfwhile final pHs were higher. However, 
growth coalesced m  these cultures even earlier than m  
Medium A. Other combinations tested affected biomass
yield or pH, or both, without significantly affecting 
growth morphology.
3.1.4.
This work allowed reproducible vegetative inocula to be 
developed for subcultunng into further media. The 
standard Medium A was adopted because vegetative growth
remained dispersed up to 20 hours incubation, under
standard conditions. This was found to disperse into
inoculated media better then coalesced growth. In the 
next section vegetative growth of known age, biomass and 
pH was used to inoculate production media in 
shake-flasks to evaluate the effect of different factors 
on lipase production.
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Table 3.4. Effect of varying Medium A components «
growth of R. arrhizus
Medium (g/1) Biomass: Dry weight pH
Casein Glucose (mg/100ml) Initial ]
A. 13 20 184.6 6.30
13 45 (Medium A) 174.9 5.95
13 70 151.6 5.92
13 100 124.9 5.85
30 45 175.1 5.89
60 45 114.8 5.75
100 45 73.1 5.50
j
B. 13 45 (Medium A) 136.7 5.84
20 20 149.1 6.17
30 10 161.9 6.25
30 20 133.5 6.12
30 30 130.9 5.91
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3.2. STUDIES ON LIPASE PRODUCTION IN SHAKE-FLASKS.
In the development of fermentation processes a thorough 
study of growth and production media is required. Often 
relatively small changes in media can result in large 
gains m  product yield. For preliminary studies, 
shake-flask cultures provide a suitable experimental 
system (Kuenzi & Auden, 1983; Solomons, 1969; Wang et 
al. , 1979). Many factors have been shown to affect 
enzyme production including, carbohydrate and nitrogen 
levels, pH, aeration and the presence of inducing 
substances (Demam, 1979; Wang et al. , 1979). Some of
the factors reported to affect lipase production by 
Rhizopus species have already been discussed (Section
1.4.1). The effect of different parameters on lipase 
production by R. arrhizus were studied in this section 
in shake-flasks. Preliminary work by Biocon Ltd., led to 
the formulation of a production medium (Biocon Ltd, 
personal communication). Variations in this medium and 
culture conditions were evaluated for lipase production 
with a view to maximizing yields. The shake-flasks used 
were 2-litre conical flasks containing 1 litre of Medium 
D, unless otherwise stated. Incubation conditions were 
as standard (Section 2.4). Vegetative inocula (10% v/v) 
were developed as described in Section 3.1.3. It was 
decided to work on this scale as it was found to be 
easier to aseptically transfer whole flask cultures (100 
ml), rather than attempt aseptic division of flask
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contents. In many cases the growth morphology would have 
prevented such division. Lipase and sugar determinations 
were conducted using procedures described (Sections
2.8.1. and 2.8.2). Production results were rated using 
the Greek-Latm-Square method (Auden et al., 1967).
3.2.1, Time-course of lipase production m  flasks,,
A typical shake-flask production fermentation consisted 
of growing vegetative inoculum from spores m  25 0 ml 
inocula flasks and transferring the contents (100 ml) 
aseptically into 2-litre flasks containing 1 litre of 
production media. This was incubated and sampled 
aseptically (10 ml) for pH, sugar and lipase analysis. A 
typical time-course is shown in Figure 3.3, Lipase was 
produced approximately linearly up to 96 hours after 
which the rate decreased. Reducmg-sugars were utilized 
rapidly in the first 24 to 4 8 hours, after which a 
constant level remained, pH dropped to 5.70 during the 
first 24 hours, but then rose above 6.0 and remained 
stable for the rest of the incubation. Morphology of 
growth varied m  these flasks with time of incubation. 
On transfer of inoculum, and for the first 24 hours 
incubation, large marbles were formed. These were 
variable in shape and size, approximately 1 cm in 
length. After further incubation’ the growth dispersed to 
give a heavy, porridge-like consistency to the medium. 
This morphology was found to be associated with high 
lipase productivity. During later experiments incubation
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Figure 3 3 Lipase production (6), reducing sugars (A) and pH (0) 
of R arrhizus cultures m  Medium D (1 1) m  2-1 conical flasks
incubated at 30°C and 150 r p.m Vegetative inoculum was grown in
100 ml Medium A m  250 ml conical flasks, from 1 x 10^ spores/ml,
incubated as above for 19 hours
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periods were reduced and fewer samples were assayed for 
sugars and lipase. This was to allow a larger number of 
flasks and conditions to be examined m  any given 
experiment.
3.2.2. Effect of inoculum on lipase production.
Several experiments were carried out in which inocula of 
different incubation periods were transferred to 
production media and evaluated for lipase production. 
The dry weights of inocula were determined m  replicate 
flasks. Typical results are shown in Figure 3.4. These 
results show that production was affected very little by 
age or dry weight of inocula. Somewhat higher yields 
were obtained from the 24— hour inoculum, even though 
this had coalesced prior to transfer. pH patterns were 
all similar in that a drop to pH "5.35 was followed by a 
slow rise to 6.0 during the incubation. Other 
experiments were done and it was shown that 15 - hour 
inocula, or earlier, with biomass levels of ~100 mg/ 100 
ml, produced less enzyme and utilized reducing- sugars 
more slowly. Section 3.1.3. described how Medium A, when 
supplemented with Span-20, produced more dispersed 
growth even after 30 hours incubation. Flask cultures 
were developed as described and used as inocula for 
production media. Incubation under standard conditions 
was continued for 144 hours before sampling for lipase 
analysis. Sugar utilization in the first 24 hours was
also determined. pH patterns were found to be similar in
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Figure 3 4 Effect of inoculum age on lipase production (•) and pH (0) 
of R arrhizus cultures in Medium D (1 1) m  2-1 conical flasks, incubated
Vegetative inocula were grown m  Medium A (100 ml) 
4
at 30°C and 150 r p m 
m  250 ml conical flasks from 1 x 1 0 "  spores/ml, incubated as above for 
the following periods A 18 hours (140 9 mg/100.ml), B 20 hours 
(272 mg/100 ml), C 24 hours (426 1 mg/100 ml)
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each flask fermentation. The results are presented in 
Table 3.5.
It should be noted that biomass levels varied in media 
containing Span-20, due to different incubation periods 
used. Addition of Span-20 to the inoculum medium did not 
enhance enzyme yields in the producion medium. When the 
inoculum medium contained 0.1% (v/v) Span-20, enzyme
production appeared to be inhibited even though biomass 
was transferred at a relatively high level. Sugar 
utilization by these cultures was slower compared with 
the standard inoculum transferred to production media. 
It was difficult to explain why 0.1% (v/v) Span-20 had a 
more inhibitory effect then did 0.2% (v/v) Span-20.
However, since the standard inoculum produced more 
enzyme in production flasks further experiments with 
Span-20 were not conducted.
In the lipase production experiments that follow a 
standard inoculum procedure was used: 100 ml Medium A in
4250 ml conical flasks, inoculated with 1x10 spores/ml 
medium, and incubated under standard conditions for 19 
hours. Replicate flasks have been shown to produce 
comparable amounts of biomass m  each culture, so these 
were used to inoculate experimental production media. It 
should be noted that biomass levels (dry weight) could 
not be determined in production media due to the 
insoluble nature of many of its components.
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Table 3.5. Effect of varying inoculum on lipase 
production
Inoculum;
Medium   Biomass
(hours) (mg/100 ml)
19.5
A + 0.1% (v/v) 19.5 
Span-20
A + 0.1% 
Span-20
A + 0.1% 
Span-20
A + 0.1% 
Span-20
30.0
19.5
30.0
405.3 
306.2 
5 21.6 
276.5 
478.1
PH*
3.63
3.71
3.71 
3.69 
3.76
Production
Lipase (u/ml) 
t=144 hours
195.0
75.0
65.0
198.0
170.0
Inocula were developed in 100 ml Medium A, 25 0 ml conical 
flasks incubated at 30°C and 150 r. p.m./ for specified 
periods. They were then transferred to 2 - 1  conical 
flasks containing 1 1  of Medium D and incubated as 
above.
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3.2.3. Effect of aeration on lipase production.
Aeration in shake-flasks is provided by continuous 
shaking of media m  flasks. This process is impaired if 
larger volumes of media are used in the flasks. This is 
due to the lower surface-area to volume ratio. It was 
considered that 1 litre of production medium m  a 
2-litre conical flask might result in poor aeration of 
the culture. Aeration has been reported to be of 
importance for lipase production by R. delemar 
(Giuseppm, 1984). A number of experiments were carried 
out m  which 500 ml, instead of 1 litre, of Medium D was 
used m  2-litre conical flasks. A 10% (v/v) vegetative
inoculum was used and production compared with standard 
conditions. Typical results are shown m  Figure 3.5. The 
results indicate that the fermentation pattern was not 
affected by reducing the volume of media in flasks (i.e. 
increasing the aeration). This implies that aeration 
levels m  2-litre shake-flasks with 1 litre of medium is 
adequate for growth and lipase production.
3.2.4. Effect of varying carbohydrates on the the 
lipase fermentation.
Levels and types of carbohydrate can affect enzyme 
fermentations due to catabolite repression (Wang et al.,
1979)* This occurs when high levels of rapidly 
utilizable sugars repress enzyme production (Paigen & 
Williams, 1970). It has been reported that for lipase
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Figure 3 5, Effect of aeration on lipase production (•), reducing sugars (A) 
and pH (0) in cultures of R arrhizus m  Medium D in 2-1 conical flasks incubated 
at 30°C and 150 r p m Medium D volumes were A. 500 ml, B 1 litre. 
Vegetative inocula (10% v/v) were grown as standard (Section 3 2 1)
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production by Rhizopus species,glucose levels need to 
drop below a critical level (Macrae, 1983). This problem 
may be solved by using slowly metabolizable 
carbohydrates, such as starch or lactose (Demain, 1982). 
Fed-batch processes are now increasingly being 
considered as an alternative, especially for controlling 
supply of carbohydrate and nitrogen sources (Kuenzi & 
Auden, 1983). The following experiments were conducted 
to characterize and optimize lipase production by 
varying the carbohydrate feed in different ways.
3.2.4.1. Effect of varying maize hydrolysate 
levels on the fermentation.
Maize levels m  Medium D were varied over a range from 
35 to 85 g/1 after standard enzymatic hydrolysis
(Section 2.7.4). Fermentations were conducted under 
standard incubation conditions. The results are 
presented in Table 3.6. Higher levels of maize 
hydrolysate produced higher reducmg-sugar levels in the 
medium. At levels above 45 g/1 maize, these sugars
appeared, to progressively reduce lipase yields. At 85 
g/1 maize the sugars were utilized very slowly with no 
lipase being detected.
3.2.4.2. Use of alternative carbohydrate sources 
for the fermentation.
Several commercial carbohydrate materials were tried,
•*
i
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i r
65 85
EH
Reducing
sugars Lipase pH
Reducing
sugars Lipase £H
Reducing
sugars Lipase
( g / i ) (u/ml) ( g/1) ( u/ml) ( g/1) (u/ml)
6 . 8 6 3 0 . 6 - 6 . 8 9 4 2 . 3 - 6 . 1 0 3 6 . 3 -
5 . 5 9 5 . 6 1 4 . 0 5 . 6 7 2 3 . 8 1 5 . 8 5 . 5 8 3 6 . 3 0
5 . 8 0 2 . 4 8 5 . 5 5 . 2 0 2 . 9 6 0 . 0 5 . 5 0 3 5 . 9 0
6 . 3 9 2 . 8 1 0 2 . 4 6 . 2 3 7 . 3 8 4 . 0 5 . 5 4 2 2 . 5 0
with 1 litre medium D, modified as above, 
incubation conducted at 3 0°C and 15 0 r.p.m.
4.
Dextrin MD01 
45 g/1
Reducing 
pH Sugars Lipase
5.
Hydrolyzed 
Maize 45 g/1 
+ Glucose 
(10 g/1)
Reducing 
pH Sugars Lipase
6.
Hydrolyzed 
Maize 25 g/1 
+ Glucose 
(10 g/1)
Reducing 
pH Sugars Lipase
7.
Glucose 
25 g/1
Reducing 
pH Sugars Lipase
(g/1) (U/&L) (g/l) (u^ L) (g/D (U*L) (g/l) (u/tL)
6.52 12.7 — 6.37 35.0 — 6.40 23.1 — 6.50 26.6 —
5.60 20.4 53.0 5.83 23.5 17.1 5.80 11.0 41.4 5.80 13.0 49.5
6.10 1.5 44.0 6.18 2.4 59.5 6.21 1.4 109.0 6.12 1.0 82.5
6.04 1.3 95.0 6.26 1.8 109.0 6.36 1.1 176.0 6.16 1.2 110.0
6.08 1.0 104.0 6.41 1.7 118.0 6.45 1.2 180.0 6.25 1.2 127.0
6.30 1.0 131.0 6.45 1.5 147.0 6.52 1.2 223.0 6.39 1.1 158.0
6.35 1.0 141.0 6.38 1.5 156.0 6.49 1.1 239.0 6.40 1.1 155.0
Cultures in 2-1 conical flasks with 1 1 Medium D, modified as above, 
150 r.p.m.
V  '— 
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either alone or m  combination with maize, to see if 
they were suitable for fermentation. The results of one 
such set of fermentations is presented m  Table 3.7. The 
only medium which gave comparable yields to maize at 45 
g/1 contained maize at 25 g/1 with a 10 g/1 glucose
supplement. Corn starch (hydrolysed) gave a higher level 
of reducing -sugars and a lower enzyme yield. When
glucose was used alone, at levels comparable to those m  
Medium D, a reduced enzyme yield was observed. In 
general, carbohydrate sources yielding higher levels of 
reducing-sugars gave lower lipase yields. In other 
experiments, sucrose and lactose were shown not to 
affect the fermentation. These sugars have been reported 
not to be utilized by Rhizopus species (Rhodes et al., 
1959; Sorenson & Hesseltine, 1966).
3.2.4.3. Carbohydrate feeding during the 
fermentation.
Feeding carbohydrates to a fermentation may overcome the 
inhibitory effect of adding it all m  one batch. This
strategey has been used for the penicillin fermentation
instead of using lactose (Aharonowitz & Cohen, 1981; 
Duckworth & Harris, 1949). Some experiments were 
conducted in which lipase flask fermentations were dosed 
with different levels of dextrin (a breakdown product of 
starch) after initial reducing-sugars were depleted. 
Dextrin MD-05 was obtained from Roquette, France.
Typical results are presented in Figure 3.6.
63
6 5 
6 0
5.5
5 0
6 5 
6 0
5 5
5 0
6.5
6.0 
5 5
5 0
6.5 
6 0
5 5
5 0
pH
pH
pH
pH
Figure 3 6. Effect of dose-feeding dextrin on lipase production (8) and pH (0) 
of R «arrhizus cultures in Medium D (1-1) m  2-1 conical flasks incubated at 30°C
and 150 r.p m. Dextrin dose-fed at 28 hours A O(control), B 5 g/l,
C 10 g/1, D 15 g/1.
Vegetative inocula (10% v/v) were grown as standard (Section 3 2.1)
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These show that carbohydrate fed to the fermentation 
reduced the lipase yields. It is significant that the 
effect was proportional to the dose of carbohydrate 
given. Reducmg-sugars were not monitored closely, but 
all t=50 hour samples had comparable levels of sugars
indicating that the added sugars had been utilized. 
Another indication that the sugars were used came from 
the fact that final pHs were reduced when the cultures 
were dose-fed. This may be, in part, the reason yields
were lower. However, closer examination of pH values
shows that in flask C the pH was lower than in flask D, 
even though flask C gave higher enzyme yields. It would 
appear that the principal reason yields were reduced was 
the higher carbohydrate levels present.
A novel approach to slow-feeding of sugars to the 
fermentation was then tried. It consisted of adding
cellulose to Medium D as Solka-floc (BWr40) and adding a 
commercial preparation of cellulase, Bioglucanase, both 
obtained from Biocon Ltd, Ireland. The enzyme 
preparation was confirmed as having 600"\C.M.-cellulase 
units/ml (Appendix I). Fermentations
using Medium D supplemented with 20 g/1 Solka-floc.
Different doses of sterile Bioglucanase were added to 
the flasks aseptically after inoculation. Typical 
results are presented in Figure 3.7. Higher doses of 
Bioglucanase generated more reducmg-sugars and this was 
reflected in the progressivly higher levels found at
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Figure 3 7 Effect of actively hydrolysing cellulose on lipase production (•) 
and reducing sugars (A) m  R arrhizus cultures m  Medium D (supplemented with 
20 g/l Solka-floc) 1 1 m  2-1 conical flasks, incubated at 30°C and 150 r p m  
Sterile, active Bioglucanase added at t=0. A. 0 (control), B. 3 units/ml, 
C. 15 units/ml, D 30 units/ml Vegetative inocula (10% v/v) were grown as 
standard (Section 3 2 1)
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t=24. Lipase yields were progressively reduced also. The 
pH patterns m  each flask were similar to the control, 
with no depression. Cellulose was hydrolysed to release 
free glucose units and-these appear to have repressed 
enzyme production.
3.2.5. Nitrogen sources and their effect on the 
lipase fermentation.
Complex organic nitrogen sources have been reported to 
affect lipase production by Rhizopus species (Zubenko et 
al. , 1979). Many sources have been suggested m  the 
literature and these include peptones, yeast extract, 
casein and corn steep solid? (Aisaka & Terada, 1979; 
Mauvernay et al., 1970). It has also been shown that 
relative amounts of carbohydrate and nitrogen sources 
can affect production (Fukumoto et al., 1966). The
following experiments were conducted to investigate the 
effect of different nitrogen sources on lipase 
production by R. arrhizus m  Medium D.
3.2.5.1. Effect of varying maize and casein levels 
on lipase yields.
Maize hydrolysate and casein hydrolysate levels were 
varied over a limited range to evaluate their effect on 
lipase production. The results of one such experiment 
are presented in Table 3.8.
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Table 3.8. Effect of varying maize and casein levels on 
lipase yields
Production Medium:
Maize Casein pH* Reducing 
(g/1) (g/1) Sugars (g/1)
45 13 5.86 30.3 110.0 5.60
45 20 5.95 28.9 119.0 5.80
45 30 5.86 25.1 77.3 5.70
30 13 6.10 15.6 120.0 6.00
30 30 6.18 15.0 74.0 5.90
20 13 6.35 12.1 112.8 6.15
20 30 6.30 12.2 73.0 6.00
Lipase (t=48 hours) 
yield pHp
(units/ml)
R. arrhizus cultures were grown in 2-1 conical flasks 
with 1 1 Medium D, modified as above, from a standard 
inoculum 10% (v/v) vegetative growth (Section 3.7.1) and 
incubated at 30°C and 150 r.p.m.
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Casein at 3 0 g/1 gave reduced lipase yields, whereas at 
20 g/1 slightly higher yields were obtained. The
increase was not sufficient to justify the extra medium 
cost, however. Reducing-sugar levels varied with the 
level of maize added, but pH patterns were shown to be 
affected very little. Slightly higher yields were 
obtained at t=48 hours when lower levels of maize were 
used. This may be explained by the earlier achievement 
of low reducing - sugar levels m  these fermentations, 
facilitating earlier lipase yields. Subsequent 
experience has shown that higher overall yields were 
eventually attained using maize at 45 g/1, probably due 
to higher biomass levels being produced.
3.2.5.2. Effect of addition of supplementary
nitrogen sources on the lipase fermentation.
Suggestions were obtained from the literature regarding 
levels and types of organic nitrogen sources which might 
enhance lipase yields from Rhizopus species. Medium D was 
supplemented with these and the fermentations conducted 
m  standard shake-flasks. The results are shown m  Table
3.9. The results show that, under the conditions used, 
no significant benefit was derived for lipase production 
by using supplementary nitrogen sources. Production was 
repressed in some fermentations (eg flasks 3 and 5), and 
this may be due to another form of catabolie repression 
by the nitrogen source (Demam, 1982).
Table 3.9. Effect of addition of supplementary nitrogen sources on the lipase fermentation
Mediun D 1 2 3 4 c 6 7
Suppl enentary 
organic 
nitrogen 
source: Control Corn steep 
10 g/1
Corn steep 
30 g/1
Yeast extract 
3 g/1
Yeast extract 
10 g/1
Soya flour 
20 g/1
Soya flour 
30 g/1
Time (hours) pH Lipase
(u/ml)
pH Lipase
(u/ml)
pH Lipase 
(u/ml)
PH Lipase 
(u/ml)
pH Lipase
(u/ml)
pH Lipase
(U/ml)
pH Lipase
(u/ml)
0 6.42 - 6.41 - 6.47 - 6.47 - 6.46 - 6.31 - 6.26 -
72 6.18 176.0 6.30 166.0 6.42 0 6.30 147.0 6.32 84 6.05 84.5 6.26 49.0
145 6.42 280.0 6.48 231.0 7.19 0 6.42 244.0 6.43 154 6.20 280.0 6.30 206.0
R. arrhizus cultures were grown m  2-litre conical flasks with 1-litre Medium D, modified as above,
standard inoculum 10% (v/v) vegetative growth (Section 3.2.1); incubation was conducted at 30 C and
150 r.p.m.
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3,2.6. Effect of trace metals on the fermentation.
During preliminary experiments in shake-flasks it was 
observed that different grades of chemicals affected the 
fermentation pattern. Medium D was prepared with 
distilled/deionized water and its formulation required 
high levels of saltsr especially CaCO^ and CaCl^. It was 
noted that use of Analar, or highly purified chemicals, 
resulted in different lipase production patterns 
compared with cultures made using General Purpose 
Reagent or cruder grade chemicals.
The literature on fungal physiology has reported that 
fungal metabolism is affected by trace heavy-metal ions 
(McHargue & Calfee, 1931). Rhizopus species have been 
shown to be profoundly influenced by zinc ions m  
particular, which affect glucose utilization, growth and 
organic acid production (Foster & Waksman, 1938; Rhodes 
et al., 1959; Waksman & Foster, 1938; Wegener & Romano, 
1963). Experiments were carried out in which lipase 
production fermentations using A.R. or G.P.R. chemical 
ingredients were supplemented with zinc ions to test if 
enzyme yields were affected. The results are presented 
m  Figure 3.8. These show that addition of zinc to the 
medium containg A.R. chemicals significantly improved 
yields of the enzyme. This effect was not observed in 
media containing G.P.R. chemicals, perhaps because 
levels of trace metals were already sufficiently high, 
and so masked any additional effect.
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Figure 3 8 Effect of chemical grades and/or zinc on lipase production (fi) 
and reducing sugars (A) in R arrhizus cultures in Medium D (1 1) m  2-1 
conical flasks, incubated at 30°C and 150 r p m Medium D was formulated using 
A. Analar chemicals, B. A.R chemicals + 2 mg/1 ZnSO^ 7^0, C General 
Purpose Reagent chemicals, D G.P.R. chemicals + 2 mg/1 ZnSO^^H^O 
Vegetative inocula (10% v/v) were grown as standard (Section 3.2.1)
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3.2.7. Enhancement of lipase yields by addition 
of fatty substances.
Lipase production by Rhizopus species has been reported 
to be affected by addition of fatty materials to the 
culture medium (Volkova & Lebedeva, 1979). In particular, 
fatty components of soya beans have been shown to 
enhance lipase yields (Aisaka & Terada, 1979; 
Wagenknecht et al. , 1961). Rhizopus species do not have 
an absolute requirement for fats m  order to produce 
lipase,as has been shown for Candida paralipolytica 
(Desnuelle, 1972; Ota et al. , 1968). Some experiments
were conducted adding fatty supplements to Medium D and 
the effect on the lipase fermentation monitored. The 
results of several fermentations are shown m  Table
3.10. Tween-80 was found to increase the lipase yield. 
This may be due to enhanced enzyme release because of 
surfactant effects on the fungal membranes (Reese & 
Maguire, 1969). Olive oil was shown to reduce yields and 
this is in agreement with previous reports (Akhtar et 
al., 1974). Addition of soya flour had little effect on 
lipase yields.
3.2.8. Effect of pH on lipase production.
Experience accumulated during this work indicated that a 
pH pattern of; 6-6.4 at t=0, dropping to ~5.80 at t=24 
and rising to pH 6.5 subsequently, was optimal for
enzyme production. Difficulty was experienced in
Table 3.10. Enhancement of lipase yields by addition of fatty substances
Flask no. 1. 2• 3. 4. 5.
Medi urn D 
Fatty additive: Control Soya flour 
(full fat) 
10 g/1
Olive oil 
1 ml/1
Olive oil 
10 ml/1
Tween 80 
1 ml/1
Time (hours) PH Lipase 
(u / ml)
jdH Lipase 
( u/ml)
Lipase 
( u/ml)
PH Lipase 
(u/ml)
PH Lipase 
(u/ml)
0 6.41 - 6.38 - 6.42 - 6.47 - 6.39 -
72 6.28 134.0 6.28 230.5 6.26 163.0 6.11 130.0 6.27 178
145 6.44 265.0 6.45 258.0 6.42 240.0 3.37 203.0 6.45 307.0
R. arrhizus cultures were grown in 2-litre conical flasks with 1-litre Medium D (modified 
as shown); 10% (v/v) vegetative inoculum (Section 3.2.1) and incubated at 30°C and 150 r.p.m.
OJ
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conducting definitive experiments related to pH. If pH 
of the medium was set to 7-7.5 at t=0,it quickly dropped 
to 6.0 during the first 24 hours incubation. Similarly, 
media set to pH 5-5.5 rose quickly in the same, period to 
"6.0. Such fermentations produced suboptimal lipase 
yields when compared to control cultures.
4
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3.3. GROWTH FROM VEGETATIVE INOCULA AND SCALE-UP OF THE 
PROCESS.
For a fermentation process to achieve economic 
viability, it must be conducted at a scale which matches 
the cost of manufacture with the value of the product 
(Stowell & Bateson, 1983). The inoculum development 
process often requires several transfers of vegetative 
inocula to build up sufficient volume for the 
plant-scale production fermenter. The inoculum volume is 
designed to reduce lag periods m  the production 
fermenter (Aunstrup et al., 1979). A typical inoculum 
development would be as follows: stock cultures are used 
to inoculate several flasks. These are incubated until 
sufficient biomass is produced, and, with the culture 
still actively growing, transferred to a pilot-fermenter 
containing the same medium. Further incubation is 
conducted m  this fermenter, and when substantial 
biomass has been produced, this is used to inoculate the 
production fermenter (Wang et al. , 1979). In fungal
fermentations, the vegetative growth obtained by 
cultivating spores may be referred to as primary 
inoculum cultures, and growth obtained by subcultunng 
these m  the same medium, as secondary inocula. The 
purpose of inoculum media is to produce active biomass 
for transfer into other media, with the minimum of lag 
m  subsequent growth. Such media may differ from 
production media, which are designed for optimal product 
yields.
The scale of operation envisaged for the lipase 
fermentation was dictated both by economic
considerations and by plant facilities available at 
Biocon Ltd., Ireland. A final production volume of 2,000 
litres m  each of a number of 3,000-litre vessels was 
envisaged. In this section experiments were carried out 
to characterize growth of secondary mocula in flasks 
and in fermsnters. Further experiments were then 
conducted to design an inoculum development procedure 
for the lipase process in the plant-scale fermenters.
3.3.1. Experiences with secondary mocula m  flasks.
In standard primary inoculum cultures, using 100 ml 
Medium A ^  m  250 ml conical flasks with standard 
incubation conditions, growth remained dispersed only up 
to 20 hours incubation (Section 3.1.2). Coalescence of 
growth was shown to be delayed if larger flasks or 
slower shaker-table speeds (100 instead of 150 r.p.m.)
were used. Similarly, when higher spore levels were used
S’ V(2x10 instead of 1x10 spores/ml of culture), growth
remained dispersed in the medium longer. When primary 
cultures, having reasonably dispersed growth, were used 
as 10% (v/v) mocula for the same medium, secondary 
cultures invariably exhibited coalescence or clumping. 
Primary inocula grown in the presence of Span-20 have 
been shown to be more dispersed (Section 3.1.3). 
However, secondary cultures with Span-20 present
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coalesced almost as badly as did standard cultures.
Nevertheless, secondary cultures m  standard medium were 
shown to be capable of lipase production m  
shake-flasks, m  spite of their morphology.
3.3.2. Experiences with secondary inocula m  stirred 
laboratory fermenters.
Operational difficulties were encountered m  attempting 
to transfer coalesced flask cultures through inoculation 
ports (2.1 cm diameter) on the 7.5-litre capacity
Laboferm fermenters. Dispersed primary cultures could be 
transferred more easily. Many fermentations were 
attempted with 5 litres of Medium A m  Laboferm
ofermenters operated at 30 C, 600 r.p.m. stirring rate 
and 0.5 v/v/m aeration rate. Inocula tested included: 
primary cultures produced from either 1x10 or 2x10 
spores/ml culture, and direct transfer of spores to the
'ifermenter at 4x10 spores/ml culture. In all cases, 
growth in these fermenters attached itself to walls, 
baffles and impellers after 24 hours (Figure 3.9). It 
proved impossible to sample this biomass through 
sampling tubes of either 8 or 12 mm diameters. Some 
fermentations were attempted in which baffles and 
impellers were removed and aeration/agitation supplied 
using a ring sparger situated near the base of the 
Laboferm fermenter (ring sparger: 6 cm diameter with 12 
perforations); (Barker & Worgan, 1981. Kiese et al.,
1980). In each fermentation tried, growth remained m
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Figure 3. 9.Growth of R.arrhizus attaching to walls, baffles 
and impellers in Laboferm fermenters.
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the medium but could not be transferred or sampled using 
standard tubing.
3.3.3. Experiences with secondary inocula in pilot-scale 
fermenters.
It was decided to test if secondary inocula could be
developed m  a pilot-scale fermenter (250-litre) using
Medium A. The fermenter dimensions are given on section
2.6. Primary inocula were developed m  shake-flasks
(Medium A) and used to inoculate a 250-litre fermenter
containing the same medium. After further incubation,
this fermenter was used to inoculate a plant-scale
fermenter containing Medium D (Section 2.7.4). The
fermentation stages are summarized as follows:
r4 DQ
# O  • B U Bsoj-hs oe  2 2 2  
Culture Vessel Vessel Medium 5 § "£ fi
stage type Capacity (Section ^ h -p • g'v. o ~  o>»
(1) 2.7) S > a>w fjbo c  <  ^   M JH 
Primary shake-flask 2 A 1 150 - - spores
inoculun t lxloVml
Secondary Fermenter 250 A 200 230 0.5 24 2% (v/v)
inoculun ' primary
culture
Production Fermenter 3,000 D 2,000 104 0.5 26 10% (v/v)
secondary
culture
When flask inocula were transferred to the pilot 
fermenter severe foaming occurred which necessitated 
intermittant cessation of agitation. Large volumes of 
anti-foam (type ‘Kg', Biocon Ltd.) were ineffective at 
controlling the problem. Microscopic examination of
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samples showed that torn fragments of mycelia were 
present. Nevertheless, the contents of this pilot 
fermenter were transferred to the production fermenter. 
However, no growth, sugar utlliz ation or 1ipase 
production took place. It was concluded that shear 
forces caused by agitation in the pilot fermenter had 
destroyed the biomass.
These preliminary observations on growth of R. arrhizus 
identified a number of problems related to designing an 
inoculum development procedure for the lipase process. 
These problems included: the tendency of primary and 
secondary cultures m  flasks to coalesce on prolonged 
incubation; the tendency of such growth to cling to 
baffles and impellers of laboratory fermenters; the 
difficulty experienced in transferring such growth 
aseptically and the susceptibilty of R. arrhizus to 
fragmentation by impeller shearing forces. A screening 
trial was initiated using primary cultivation m  
shake-flasks to develop a medium giving dispersed growth 
of R. arrhizus.
3.3.4. Studies on the effect of medium constituents on 
culture morphology.
Medium constituents and inoculum levels have frequently 
been cited m  the literature as affecting growth 
morphology of fungi (Metz & Kossen, 1977; Whitaker &
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Long, 1973). Many different media were tested as primary 
24-hour cultures m  shake-flasks, using two levels of
spore inocula and standard conditions (Section 2.4).
5* £Higher spore inocula (2x10 instead of 1x10 spores/ml
of culture) have been shown to enable growth to fill the 
growth medium (Section 3.3.1). The results are presented 
in Table 3.11, and growth morphologies obtained are 
illustrated in Figures 3.10 and 3.11.
The results show that R. arrhizus was capable of 
assuming a diverse range of morphologies m  different 
media. Levels of casein and glucose m  Medium A did not 
affect morphology significantly. However, they did 
affect the level of biomass produced (Section 3.1.3). 
Initial pH of the medium affected morphology very little 
also. When casein and glucose levels were varied m  
Media 4 and 5, pH changed very little during growth but 
morphology was unaffected. Similarly, when the initial 
pHs were adjusted in Media 6, 7, 8 and 9, no significant 
effect on growth morphology was observed. Supplements 
added to Medium 1 were generally without effect on 
growth morphology. Addition of Span-20 at two levels 
dispersed growth somewhat, but this has been shown to 
coalesce on transfer to fresh media (Section 3.3.1).
aAlternative nitrogen sources had the most profound 
effect on growth morphology. Sources such as soya 
peptone and corn-steep-solids gave similar results to 
casein hydroysate. Yeast extract gave an unusual
11. Glucose, 45;
12.
13.
14.
15.
16.
17.
18.
19.
Notes: spore 
Growth morphology:
Cultures were grown from spores, 
150 r.p.m. for 24 hours.
Casein, 13; Soya bean meal, 10
13; Solka-floc, 10
13; Span-20, 0.2% (v/v)
13; Span-20, 0.4% (v/v)
13; Olive oil, 2.5% (v/v)
(a) 6.30 3.78 (3)
(b) 6.30 4.75 (4)
(a) 6.30 3.85 (3)
(b) 6.30 4.40 (4)
(a) 6.06 4.10 (3)
(b) 6.06 4.80 (4)
(a) 6.04 4.13 (3)
(b) 6.04 4.20 (4)
(a) 6.30 3.80 (3)
(b) 6.30 4.23 (4)
(a ) 5.96 2.90 (2)
(b) 5.96 3.10 (2)
(a ) 6.10 3.55 (3)
(b) 6.10 3.32 (4)
(a) 6.24 3.90 (3)
(b) 6.24 3.93 (4)
(a) 5.93 3.60 (3)*
(b) 5.93 3.60 (4)*
Glucose, 45; 
Glucose, 45; 
Glucose, 45; 
Glucose, 45;
Casein,
Casein,
Casein,
Casein,
Glucose, 45; Yeast extract, 3;
Glucose, 45; Soya peptone, 5;
Glucose, 45; Corn steep solids, 10;
Glucose, 45; Soya flour, 10; 
(full fat)
4 ?inoculum levels: (a)= 1x10 /ml culture; (b)= 2x10 /ml culture.
numbers in brackets for Media 1-18 refer to Figure 3.10;
*for Medium 19, they refer to Figure 3.11.
ousing 100 ml medium in 250 ml conical flasks, and incubated at 30 C 'and
a>
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Figure 3 10 Growth morphologies of R.arrhizus in shake-flasks using a 
range of media
1. Pelleted growth.
2. Discrete pellets
3 Clumped, coalesced growth.
4. Clumpy growth.
Figure 3.11 Growth morphologies found in shake-flask cultures 
of R arrhizus using variations of Medium C.
1 /2. Discrete pellets.
3 Clumpy growth.
4. Dispersed growth.
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morphology m  which growth was packed into many discrete 
pellets or rice-like marbles, each less than 1 cm m  
length. The most significant result obtained related to 
the dispersed growth obtained in Medium 19 containing 
soya flour as a nitrogen source. On dilution of a 5 ml 
alicjUot of this growth in 100 ml water, complete 
dispersion of the mycelial filaments was observed. This 
did not occur with growth from other media. Spore 
inoculum affected growth morphology in each medium. 
Generally, the higher inoculum gave heavier growtn, 
usually filling the growth medium. In Medium 19, 
however, the dispersion of growth was observed only when 
the higher spore inoculum level was employed. It was 
decided to investigate the growth in Medium 19 (soya 
inoculum or Medium C) further.
3.3.5. The effect of varying soya medium components on 
growth morphology.
Primary shake-flask cultures were then used to 
investigate the effect of varying soya medium component 
levels on culture morphology. Two levels of spore 
inocula (1x10 and 2x10 /ml culture) were used again. 
Cultures were grown using standard conditions (Section
2.4). Growth morphology and pH were determined after 24 
hours incubation.
The results are presented m  Table 3.12 and in 
Figure 3.11.
87
Table 3.12. The effect of varying soya medium components on 
growth morphology
Medium constituents (g/1)
Msdiun Soya flour Spore pH Growth
No. Glucose (full-fat) CaCO* inoculum initial final morphology
1 . 10 10 - (a) 6.28 3.77 (4)
(b) 6.28 4.05 (4)
2. 20 10 _ (a) 6.01 3.68 (4)
(b) 6.01 3.69 (4)
3. 30 10 — (a) 5.95 3.52 (3)
(b) 5.95 3.66 (4)
4. 45 10 — (a) 5.90 3.52 (3)
(b) 5.90 3.52 (4)
5. 45 10 10 (a) 7.30 6.40 (1-2)
(b) 7.30 5.73 (1-2)
6. 10 20 — (a) 6.33 4.45 (3)
(b) 6.33 4.80 (3)
7. 20 20 — (a) 6.12 3.95 (3)
(b) 6.12 4.25 (3)
8. 30 20 — (a) 6.11 3.65 (3)
(b) 6.11 3.70 (3)
9. 45 20 — (a) 6.07 3.60 (3)
(b) 6.07 3.73 (3)
10. 45 20 10 (a) 7.28 6.00 (1-2)
(b) 7.28 5.50 (1-2)
a
Notes: Spore inoculum levels: (a)=lxl0 /ml culture
x (b)=2xlOf/ml culture
Growth morphology: Numbers m  brackets refer to Figure 3.11.
Cultures were grown from spores, using 100 ml media m  25 0 ml 
conical flasks, and incubating at 30°C and 150 r.p.m. for 
2 4 hours.
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Only two of the soya medium variants gave suitably 
dispersed growth - Media 3 and 4, In these media, 
growth dispersion was obtained only when 2x10 spores/ml 
culture was used as inoculum. When lower levels of 
glucose were used growth became clumpy. Such growth did
not disperse itself on dilution. This may be due to the
higher biomass level produced. Similarly, addition of 
higher levels of soya flour resulted in clumpy and
apparently heavier biomass. It should be noted that dry
weight analysis could not be used to determine biomass 
m  soya medium cultures. This was due to the insoluble 
nature of the medium and also to the fact that dispersed 
mycelia produced tended to block filter papers, 
preventing filtration. For this reason rates of growth 
were estimated by visual inspection of samples and by
the rate of consumption of reducing-sugars. Addition of
calcium carbonate cannot be used to control pH if severe 
pelleting of the growth is to be avoided (Media 5 and
10). Medium 4 (Table 3.12) was adopted as standard soya 
inoculum medium.
3.3.6. Primary and secondary growth m  soya medium 
and its production capability.
Since it was not possible to measure biomass m  soya 
medium using the dry weight techique, it was decided to 
assess growth using residual reducing - sugar levels. 
Flask cultures were inoculated with 2x10r spores/ml of
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culture and incubated under standard conditions (Section
2,4). Samples were removed after different incubaton 
periods for pH and reducing - sugar analysis. Replicate 
secondary cultures (inoculum and production media) were 
inoculated at these sampling times also using 10% (v/v)
inocula. These cultures were then incubated under 
standard conditions. The results a re presented ln 
Table 3.13.
In both primary and secondary cultures , growth was 
demonstrated to be dispersed. In each case samples could 
be removed using an inverted 10 ml pipette (3 mm 
orifice). On dilution in water a finely dispersed 
suspension of mycelia was formed. Reducing - sugars were 
utilized between 12 and 30 hours incubation, with pH 
dropping to 2.5. Secondary cultures from younger 
primary inocula (15-19 hours) utilized more reducing- 
sugars than did older primary inocula (24-30 hours). 
There was no apparent difference m  biomass levels 
however.
The results also show that inocula grown in soya medium 
were capable of good lipase production, up to 3 20 
units/ml,under the conditions used. Secondary cultures 
were superior m  this regard compared with the other 
cultures tested. Secondary casein medium cultures were 
clumped on transfer, whereas soya medium cultures 
remained dispersed (Figures 3.10 and 3.11).
Table 3.13. Reducing sugar and pH patterns in primary and secondary cultures using soya
medium, and production capability
Primary Culture Secondary cultures at t=20 hours
Time ^  
(hours) £H
Residual 
Reducing 
sugars(q/1)
Lipase production 
u/ml at t=118 hours pH
Residual
Reducing
sugars(g/l)
Lipase production 
u/ml at t=118 hours
15 3.69 33.20 - 3.33 13.6 —
19 3.41 12.71 216 3.34 13.9 326
24 3.34 8.35 - 3.46 15.7 -
30 3.32 2.51 — 3.52 17.4 —
Cultures were grown in soya medium (Medium C) using 250 ml conical flasks with 100 ml 
medium.
Primary cultures were inoculated with 2x10 spores/ml of medium.
Secondary cultures were inoculated with 10 ml of primary culture.
Production cultures were grown in 2-litre flasks and 1 litre Medium D from 10% inocula 
growth. Incubation was conducted at 3 0°C and 150 r.p.m. for periods indicated.
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3.3,7 Growth of R. arrhizus m  laboratory 
fermenters using soya medium.
Having established that soya medium allows dispersed 
growth of R. arrhizus through several transfers, 
attempts were made to use this medium in stirred 
laboratory fermenters. Spores and primary cultures were 
used as inocula and some fermenters were run under 
different conditions or modified as described previously 
(Section 3.3.2) . These modificatons were designed to 
reduce the chances of growth becoming entangled onto 
fermenter parts. In each fermentation, growth was 
assessed by measuring reducmg-sugars and pH, and also 
by visual inspection of samples. The experimental 
variations and the results are presented m  Table 3.14.
In all these fermenters R. arrhizus was found to grow as 
a dispersed,homogeneous suspension (Figure 3.12), This 
is in contrast to inoculum fermenters tried previously 
using the casein inoculum medium (Figure 3.9). Primary 
cultures developed in the fermenters exhibited a lag 
period m  growth compared with secondary cultures. This 
was due to the time required for spore germination and 
out-growth. Appreciable growth did not appear m  these 
fermenters until after 24 hours incubation. Some growth 
appeared to attach itself to the baffles and impellers; 
but the biomass remained largely dispersed m  the 
medium. Agitation at 450 r.p.m. produced a finer 
dispersion of growth compared with 3 00 r.p.m. Secondary
T&ble 3.14. Grcwth of R. arrhizus m  laboratory fermenters using soya medium
Inoculum: 6x10 gpores/ml 
medium
6x10 3?ores/ml 
mediun
500 ml, 15 hour 
flask culture
500 ml, 15 hour 
flask culture
500 ml, 15 hour 
flask culture
500 ml, 15 hour 
flask culture
Fermenter: Standard Standard Standard Standard Baffles renoved Baffles/impellers 
removed aerated
via ring sparger
Agitation: 
(r.p. m.) 
Aeration: 
(v/v/m)
3 00 
0.5
450
0.5
300
0.5
450
0.5
300
0.5
450
1.0
Time
(hours) m
Reducing 
sugars (g/1)
Reducing 
sugars (g/1)
pH Reducing 
sugars (g/1)
pH Reducing 
sugars (g/1)
pH Reducing 
sugars (g/1)
Reducing 
sugars (g/1)
0 5.50 45.0 5.90 45.0 5.60 .45.0 5.70 45.0 5.80 45.0 5.60 45.0
23 3.20 42.0 3.55 41.0 3.35 13.8 3.35 9.1 3.34 41.0 3.40 11.3
30 3.55 17.6 3.35 3.7 3.30 7.6 3.31 10.4 3.30 18.7 3.35 1.4
50 3.40 2.5 3.49 7.5 3.50 1.2 3.20 13.2 3.30 2.0 3.47 1.0
Inoculun cultures were grown in 1-litre conical flasks with 500 ml Medium C inoculated with 2x10 spores/ml medium,
oand incubated at 30 C and 150 r.p.m. for 15 hours. Laboferm (7.5-litre) fermenters were used with 5 litres of Mediun 
oC ireubated at 30 C.
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Figure 3.12 Samples of dispersed growth of R.arrhizus in 
Medium C in Laboferm fermenters.
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cultures m  ferxnenters grew out well to give a dispersed 
suspension of mycelia. In the fermenter with 450 r.p.m. 
agitation a residual amount of sugars was detectable but 
no observable difference in growth density was noted. 
Removing the baffles from the fermenter caused a lag 
period in sugar utilization, and growth was found to be 
less dense compared with fermentations with baffles 
present. This may have been due to the poorer mixing and 
aeraton patterns m  this fermenter. In fermentations m  
which aeration and agitation were supplied using only a 
ring sparger, good sugar utilization and growth were 
found. In all stirred fermenters only a small amount of 
wall growth was observed above the medium line due to 
deposition of solid medium particles. This did not 
represent a serious problem, however. Samples were 
easily removed via 8 mm diameter tubing (Figure 3.12). 
When examined microscopically growth was seen to be 
present as loose hyphae not forming clumps or pellets.
3.3.8. Agitation and its effect on growth in laboratory 
fermenters.
Previous attempts at growing R. arrhizus m  a pilot 
fermenter were unsucessful due to the susceptibility of 
the mycelia to fragmentation by impeller shear (Section
3.3.3). Impeller tip-speed gives a measure of shear 
forces generated and may be calculated from rotation 
speed and impeller diameter (Wang et al., 1979).
Tip-speed in the pilot fermenter was calculated as 2 41
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cm.s~* (Section 2.6). In this experiment secondary 
cultures were grown m  laboratory fermenters with Medium 
C at two levels of agitation. Growth density and sugar 
utilization were compared. The experimental conditions 
and results obtained are presented in Table 3.15.
The culture developed with 600 r.p.m. agitation was 
noticeably less dense or heavy with biomass, compared 
with the culture with 450 r.p.m. agitation. Residual 
sugar levels also showed a considerable lag period in 
cultures given higher agitation. These results indicate 
that R. arrhizus is susceptible to impeller speed above 
118 c m . s .
3.3.9. Effect of inoculum, pH and aeration levels on 
growth in laboratory fermenters.
In operating an industrial fermentation process it is 
often convenient if the initial flask inoculum can be 
developed in as small a volume as possible (Section
3.3). For example, if a 200-litre pilot fermenter is to 
be given a 10% (v/v)vegetative inoculum, twenty 2-litre 
conical flasks with 1 litre inoculum media would need to 
be grown. Reducing the level of inoculum to 2% (v/v)
would entail cultivating only four such flasks, reducing 
the contamination risk on transfer. In viscous mould 
cultures aeration can become limiting very quickly (Wang 
& Fewkes, 1977). In the following experiment lower (2% 
v/v) inoculum was compared with the standard level (10%
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Table 3.15. Effect of agitation on growth of R. arrhizus 
m  laboratory fermenters
Fermenter agitation
Agitation rate 
(r.p.m.)
Impeller tip speed 
(cm.s^ )
450
118
Time
(hours)
£H Reducing
sugars
(g/l)
£H Reducmq
sugars
(g/i)
0 6.05 45.0 6.01 45.0
24 3.28 18.8 3.28 34.6
36 3.29 12.3 3.00 25.5
Inoculum cultures were grown m 1-litre flasks
600 
15 8
500 ml Medium C, inoculated with 2x10 spores/ml medium,
oand incubated at 30 C and 150 r.p.m. for 15 hours.
Laboferm (7.5-litre) fermenters were used with 5 litres
of Medium C 9 aerated at 0.5 v/v/m, and
incubated at 30 C
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v/v) for growth in two fermenters. A third fermenter was 
given standard inoculum and aerated at a level of 1.0 
v/v/m. The experimental conditions and results are 
presented in Table 3.16. Use of a 2% (v/v) inoculum did 
not adversely affect the apparent density of growth 
obtained, compared with a culture given a 10% (v/v)
inoculum. Some degree of lag was observed in sugar
utilization, however. The lower level of vegetive
inoculum was adopted in further experiments.
Aeration at 1.0 v/v/m did not enhance the level of
biomass obtained as assessed visually. However, a larger 
residual quantity of reducmg-sugars was detectable.
When a 10% (v/v) vegetative inoculum at pH ~3.0 was
transferred to fermenters containing soya medium, the pH 
dropped from 6.0 to 4.5. When a 2% (v/v) inoculum was 
used the pH dropped only to "5.10. An experiment was 
conducted m  which fermenters were inoculated with 2% 
(v/v) vegetative inocula and the post-inoculation pH 
adjusted aseptically. It was shown that heavier growth 
and better sugar utilization was obtained when the pH 
was readjusted to “6.5. It was not possible to measure 
biomass using dry weights, so the benefit of the 
apparently increased biomass obtained must be weighed 
against the operational difficulties of adjusting pH 
aseptically. This consideration applies especially to 
larger scale fermenters where the risk of contamination 
is amplified. One solution might be to adjust the pH of
Table 3.16. Effect of low inoculum, and aeration level, on growth of R. arrhizus in 
laboratory
Inoculum: 5 00 ml, 24-hour 
culture
100 ml, 24-hour 
culture
5 00 ml, 2 4-hour 
culture
Fermenter Conditions 
Aeration v/v/m: 0.5 0.5 1.0
Time (hours)
Reducm
eS sugars (g/1)
Reducing 
pH sugars (g/1)
Reducing 
pH sugars (g/1)
0
24
42
5.62 45.0
2.62 13.6
2.67 16.8
5.58
2.54
2.60
45.0 
23.7
18.0
5.62 45.0
2.59 22.2
2.65 22.7
Inoculum cultures were developed in 1-litre flasks with 500 ml Medium C inoculated with 
2x10^ spores/ml, and incubated at 3 0°C and 15 0 r.p.m. for 2 4 hours. A 100 ml aliquot of a 
replicate culture was used as a 2% inoculum.
Laboferm (7.5 litre) fermenters with 5 litres of Medium C were used, agitated at 450
r.p.m. and incubated at 30 C.
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the medium prior to sterilization.
3.3.10. Effect of age of inoculum on growth m  
laboratory fermenters.
Characteristics of the inoculum can affect subsequent 
growth capabilities (Section 3.1). In this experiment 
flask inocula were developed using a range of incubation 
periods and then transferred into laboratory fermenters. 
Growth was evaluated by pH, sugar analysis and also by 
visual inspection of samples. The experimental 
conditions and results are presented in Table 3.17.
The results indicate that a 36 hour inoculum resulted m  
poorer utilization of sugars , with a higher level 
remaining after 42 hours fermentation. Growth m  this 
fermenter was much less dense compared with the other 
fermenters. Little difference was observed m  growth 
density m  the other fermenters. This implies that a 
range of incubation periods may produce adequate 
inocula, provided this period is not prolonged beyond 
30 hours. This is a useful feature for an industrial 
fermentation where precise timing of transfers is not 
always possible due, for example, to equipment 
malfunctioning or to delays m  processing materials.
Table 3.17. Effect of age of inoculum on growth in laboratory fermenters
Flask inocula. 
Age (hours)
Reducing sugars
(g/D
18
36.4
24
7.4
30
1.7
36
1.0
Fermentations Reducing Reducing Reducing Reducing
pH sugars pH sugars pH sugars pH sugars
Time (hours) (g/1) (g/1) (g/1) (g/1)
0 5.42 45.0 5.45 45.0 5.40 45.0 5.46 45.0
24 2.74 25.9 2.50 31.3 2.53 30.8 2.63 27.7
42 2.48 18.2 2.50 23.6 2.43 21.9 2.73 26.1
Inoculum cultures were developed m  Medium C, 500 ml m  1-litre conical flasks, inoculated 
with 2x10^ spores /ml medium, and incubated at 3 0°C and 150 r.p.m. for periods shown. 100 
ml aliquots were transferred as inocula from replicate flasks(2%, v/v).
Laboferm (7.5-litre) fermenters were used with 5 litres of Medium C, agitated at 450
0r.p.m., aerated at 0.5 v/v/m. and incubated 30 C.
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3.3.11. Soya flour levels in soya medium and their 
effect on growth in fermenters.
Secondary growth m  soya medium, whether m  flasks or in 
fermenters, has been observed to be much less dense 
compared with growth obtained m  primary cultures. 
Higher soya flour levels, when used for primary culture 
development, have been shown to cause growth to become 
clumpy (Section 3.3.5). This may have been partly due to 
an increase m  biomass produced. An experiment was 
conducted m  which the level of soya flour m  secondary 
fermenters was varied to investigate if an increase in 
biomass could be obtained. The experimental conditions 
and results are presented m  Table 3.18. The results 
indicate that increasing the soya flour level m  the 
fermenters allowed greater utilization of the reducing 
sugars. The growth obtained m  the fermenter with 20 g/1 
soya flour was by far the best obtained, being heavy, 
filling the medium completely, yet not attaching itself 
to baffles or impellers.
3.3.12. Experiences with secondary cultures, using soya 
medium m  pilot-scale fermenters.
An attempt was then made to grow R. arrhizus m  a 
pilot-scale fermenter (250-litres) using soya medium. 
The dimensions of this fermenter have been described 
previously (Section 2.6). Flask inocula and fermenter 
conditions were as follows:
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Table 3.18. Soya flour levels m  Medium C, and their 
effect on growth in fermenters
Fermenter medium: 
10 
45
Soya flour 
(g/l)
Glucose
(g/l)
Time 
(hours)
pH Reducing
sugars
(g/l)
15
45
pH Reducing
sugars
(g/l)
0 5.53 45.0 5.62 45.0 5.71 45.0
24 2.70 31.3 2.75 28.9 2.78 18.0
41 2.92 24.8 2.85 20.4 2.96 9.0
20
45
£H Reducing
sugars
(g/l)
Inoculum cultures were developed m  1-litre conical 
flasks with 5 00 ml Medium C, inoculated with 2x10
ospores/ml medium, and incubated at 30 C and 15 0 r.p.m. 
for 2 4 hours. 100 ml aliquots were used to inoculate 
each fermenter (2% v/v).
Laboferm (7.5-litre) fermenters were used, with 5 litres 
of media (as above), as agitated at 450 r.p.m., aerated
at 0.5 v/v/m and incubated at 3 0 C.
Culture Vessel: Volune Medium Volane
stage type (1) ( 1)
H S o  s 3  CQ
-P •
cti Pi -P  > 3  3
•p • O O
•H U U > o &
<D s—'
< << M
3H Q) 3 ft OO -P
Primary shake- 2 
inocuLun; flask
150 spores: 
2x105*/ml
Secondary pilot- 250 C 200 230 0,5 24 2% v/v
(enriched)
culture; fermenter primary
culture
(Note: Medium C, enriched contained 20 g/1 soya flour)
Excessive foaming occurred and the mycelia were found to 
have been fragmented by impeller shear m  the pilot- 
fermenter as had occurred in previous experiments 
(Section 3.3.3).
The agitation equipment on this fermenter was not 
designed to allow for variable - speed operation so an 
alternative mode of operation was sought. A survey of 
the literature revealed that much work had been done 
with air-lift and tower fermenters, m  which agitation
and aeration were supplied solely by forced aeration
(Greenshields & Smith, 1971; Smith & Greenshields,
1974). These cultivation methods have been used to 
cultivate filamentous fungi in large volumes (Barker & 
Worgan, 1981; Malfait et al., 1981). Although the
equipment used was of a specialized design, it was
decided to try using the existing pilot-scale fermenter
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A fermention was set up exactly as outlined above except 
that no agitation was used m  the fermenter. Instead, 
the aeration rate was increased from 0.5 v/v/m to 
1.0 v/v/m. The results of one such fermentation are 
presented in Table 3.19. The results show that 
R. arrhizus could be grown to high biomass levels under 
these conditions. Utilization of sugars occurred almost 
as rapidly as in laboratory stirred fermenters. Good 
mixing was observed with no setting of medium 
components. The capacity of the biomass to produce 
lipase m  subsequent production fermenters was 
investigated at a later stage of the project 
(Section 3.4.).
Table 3.19. Growth of R. arrhizus m  a pilot-scale 
fermenter
Time £H Reducing-s
(hours) (g/1)
0 6.30 48.4
6 5.81 42.8
12 5.12 39.5
15 4.41 38.5
18 3.37 35.9
24 2.60 26.8
30 2.41 23.9
Mycelia visible 
( Microscopically:
( Light growth visible
(
( Dense, dispersed growth
For experimental conditions see text.
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Section 3.3 describes how major problems in the process
development were identified and solved. These problems
related to the tendency of R. arrhizus primary cultures 
to clump in flasks causing difficulties m  inoculating 
fermenters aseptically. Growth in secondary cultures
also clumped giving rise to baffle, impeller and wall
growth in fermenters. It was found to be impossible to 
aseptically transfer this growth from the fermenters. 
Finally, the organism was shown to be extremely
susceptible to shear m  stirred fermenters. These 
problems were overcome by screening a range of media for 
one which would allow dispersed growth. Soya medium was
then identified and growth in flasks and fermenters
optimized in a further series of experiments. Using
these findings a pilot-scale culture was successfully 
developed by replacing mechanical agitation with 
aeration to mix the fermenter medium.
3.3.13.
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3.4. LIPASE PRODUCTION IN STIRRED FERMENTERS, AND 
SCALE-UP OF THE PROCESS.
Initial attempts at growing R. arrhizus in production 
medium (Medium D, Section 2.7.4) m  Laboferm fermenters 
were not successful (Section 2.6). The experimental 
conditions tried were as follows:
£ £H • O ^«P E -H S cd • -P\
-p  f t  cd >hnc! Inoculum:Culture Vessel’ Volume Medium* Volume type age
stage type (1) type ( 1 ) ------- (hours)
Primary Shake- flask 1.0 C 0.5 150 - 2xL 05"
spores/ml
Secondary Laboferm 7.5 D 5.0 600 0.5 10% (v/v) 19
fermenter primary
culture
Either no growth was obtained, perhaps due to the 
intensity of agitation, or any growth which did occur 
clung to baffles, impellers and walls, as described 
previously with casein medium (Section 3.3.2). The 
production medium (Medium D) contains large amounts of 
heavy, insoluble materials such as ground maize and 
calcium carbonate (Section 2.7.4). Much of this material 
remained attached to the base of the Laboferm fermenters 
after autoclaving, despite the application of intense 
agitation before cooling. Other problems encountered 
included persistent bacterial contamination and fouling 
of sample-lines and air-spargers with growth and medium 
components.
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In this section, experiments were conducted to solve 
these problems and to develop a plant-scale lipase 
production process.
3.4.1. Lipase production m  Microferm laboratory 
fermenters.
Microferm (16-litre) fermenters have an advantage over 
Laboferm (7.5-litre) fermenters in that their dimensions 
are obviously greater, allowing better clearance for 
fungal growth between walls, baffles and impellers 
(Section 2.6). Microferm fermenters are sterilizable m -  
situ with constant agitation. This feature prevented 
attachment of maize components to the fermenter base. 
These units were also found to facilitate aseptic 
operation. In the first experiment,a 10% (v/v) inoculum 
was developed using Medium C in shake-flasks under 
standard conditions (Sections 2.4 and 2.7.3). Lipase 
production, pH and growth morphology were then monitored 
m  production medium (Medium D) m  Microferm fermenters 
(Sections 2.6, 2.7.4 and 2.8.2). The experimental
conditions and results are presented in Figure 3.13.
The results show that R. arrhizus is capable of 
producing high yields of lipase in stirred fermenters, 
up to 3 70 u/ml m  90 hours. Growth occurred as a thick 
porndgy suspension with mycelia dispersed throughout 
(Figure/ 3 .14). None of the growth was attached to walls, 
baffles or impellers. Reducing sugars were depleted to
400
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6 5
6,0 pH
5.5
Tune (hours)
Figure 3 13. Effect of incubation time on lipase production (•) and pH (0) 
of R.arrhizus cultures in Microferm fermenters containing Medium D (10 1) 
incubated at 30°C with 200 r p m  agitation and 0 5 v/v/m aeration 
Vegetative inoculum (10% v/v) was grown with 1 1 Medium C m  a 2-1 conical 
flask, inoculated with 2 x 10^ spores/ml, and incubated at 30°C and 150 r.p.m 
for 24 hours
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Figure 3.14 Samples of porridgy growth of R.arrhizus in Medium D in 
Microferm fermenters
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below 5 g/1 after 17 hours fermentation. Lipase
production was much more rapid in fermenters than had
previously been observed in flasks (Section 3.2.1). 
Presumably, this was due to the better aeration and
mixing patterns m  fermenters.
3.4.1.1. Effect of aeration on lipase production m  
laboratory fermenters.
Fungi are obligate aerobes and all fungal processes 
require an optimum level of aeration. In stirred 
fermenters this aeration is supplied by a combination of 
sparged aeration and impeller mixing. The presence of 
mould mycelia and solid particles in high concentrations 
have been shown to impair aeration efficiency m  
fermenters (Blakebrough & Hamer, 1963; Brierley & Steel, 
1959; Wang & Fewkes, 1977). Low oxygen levels have been 
shown to adversely affect lipase production m  
R. delemar (Giuseppin, 1984). In this experiment the 
effect of aeration rates ranging from 0.5 v/v/m to 1.5 
v/v/m on lipase production was examined. The other
experimental conditions were as described m  
Section 3.4.1. The results are presented in Figure 3.15.
These show that raising the aeration rate from 0.5 v/v/m 
to 1.5 v/v/m increases the lipase yield. However, for 
some reason^the yields obtained m  fermenter A were not 
as high as those previously obtained (Section 3.4.1). 
Lipase activity m  each fermenter appeared to be less
Ill
Time (hours)
Figure 3 15 Effect of aeration rate on lipase production (•) by cultures of 
R arrhizus m  Microferm fermenters containing Medium D (10 l), incubated at 30°C 
with 200 r p m agitation Aeration levels used were* A 0.5 v/v/m, B. 1.0 
v/v/m, C 1.5 v/v/m Vegetative inocula (10% v/v) were developed as standard 
(Section 3 4.1)
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stable also. No bacterial contamination was detectable. 
Growth occurred as thick, porridgy suspensions in each 
case, with growth m  fermenters B and C appearing 
heavier then in A. pH patterns were similar in each
fermenter, starting at 6.2 and dropping to 5.8 after 15 
hours, before rising to 6.45 at the end of the 
fermentation. Each fermentation had an initial reducing- 
sugar level of 22 g/1. Sugar utilization patterns
differed m  that levels in fermenters B and C remained 
above 20 g/1 until after 15 hours incubation, whereas in 
fermenter A levels were reduced to 8 g/1 before this
time. Lipase instability may have been caused by
autolysis of biomass, which may have released 
proteolytic enzymes. Biomass m  each fermenter became
noticeably thinner towards the end of the fermentation.
v
3.4.1.2. Effect of agitation on lipase production in 
laboratory fermenters.
It has been shown previously that R. arrhizus is 
sensitive to shear from impellers (Sections 3.3.3 and 
3.3.8). However, agitation has an important function m  
stirring and aeration of fermenter contents. In this 
experiment lipase production was examined in Microferm 
fermenters using different levels of agitation. Three 
agitation speeds were tried: 200, 300 and 400 r.p.m.,
with tip-speeds of 73.3, 100 and 146.6 cm.s"*,
respectively. The other experimental conditions were as 
described in Section 3.4.1. An aeration rate of 1.5
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v/v/m was used. The results are presented in 
Figure 3.16.
These show that increasing the agitation rate from 200 
r.p.m. to 300 r.p.m. resulted m  a lag period m  enzyme 
production occurring. Higher final yields were obtained 
at the higher agitation rate. Growth in this fermenter 
was not as heavy as that occurring m  the fermenter with 
lower agitation. No growth, reducing sugar utilization 
and little lipase production were observed m  fermenter 
C, which was given 400 r.p.m. agitation. No bacterial 
contamination was detectable. It was concluded that the 
mycelia had been sheared by the impellers, as had
occurred previously m  laboratory fermenters 
(Section 3.3.8). This was confirmed by the appearance of 
mycelial fragments in fermenter samples.
Yields of enzyme were somewhat lower in fermenter A than 
had been found previously under the same conditions 
(Section 3.4.1.1). Two factors, pH and initial reducing- 
sugar levels, may have affected yields. Due to the 
complexity of the production medium (Medium D) these two 
parameters were difficult to control m  fermenters 
(Section 2.7.4). In this experiment pH was at 6.5
initially and did not drop below 6.0 during the first 2 4
hours incubation, and rose gradually to 6.80 at the end
of the fermentation. In contrast, the previous 
fermentation showed a pH pattern beginning at 6.3, 
dropping to 5.8 after 15 hours incubation, before
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Figure 3 16. Effect of agitation rate/impeller tip speed on lipase production 
(9) by R arrhizus cultures m  Microferm fermenters containing Medium D (10 1), 
incubated at 30°C with 1 5 v/v/m aeration Agitation levels used were A 200
r p.m (73.3 cm.s^), B. 300 r.p.m. (100 cm ) j C. 400 r p m (146 6 cm )
Vegetative inocula (10% v/v) were developed as standard (Section 3 4 1).
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rising gradually to 6.45 (Section 3.4.1,1). A lower 
initial reducing-sugar level was observed also m  this 
fermentation (22 g/1 compared with 30 g/1). Lipase
production m  flasks has previously been shown to be 
sensitive to both reducing - sugarlevels and to pH 
(Section 3.2.4 and 3.2.8).
3.4.2. Use of secondary fermenter inocula for lipase 
production m  fermenters.
Sections 3.3.7 to 3.3.11 give an account of how 
secondary inocula were grown using soya medium (Medium
C) in Laboferm fermenters. In this experiment, secondary 
growth was developed m  a Microferm fermenter and used
to inoculate a further Microferm 
production medium (Medium D). 
conditions were as follows:
Culture
stage
Primary
inoculiin*
Vessel Volume Medium Volume 
(1)joes
Shake-flask
type
C
Secondary Microferm 16 
moculun *
Product ion'Microferm 
feimenter
16
(1)
1
10
10
unit containing 
The experimental
Inoculum: 
type age
(hours)___
eo ^  a
-p b  - w ectf • -P\-P ft ctf t>H • 4) t> — '
spores 
2x10 /ml
10% (v/v) 24
primary
culture
10% (v/v) 24
secondary
culture
150
300 0.5
200 0.5
Production of lipase was monitored in the production 
fermenter and reached 360 u/ml after 85 hours
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incubation. This experiment demonstrates that 
R. arrhizus is capable of lipase production even after 
transfer through a secondary fermenter cultivation 
stage.
An experiment was then carried out to investigate the 
effect of varying the secondary fermenter cultivation 
stage on lipase production. In one secondary fermenter 
Medium C was enriched to yield higher biomass levels as 
previously described (Section 3.3.11). The experimental 
conditions were as follows:
£O ^  £
*H • O  ^
-p e  *h  s
a) • -p \
P  f t  JJ >
Culture Vessel* Volume Medium?Volume Inoculum:
stage type (1) type (1) .^=1(hoursj
Primary Shake-flask 1.0 C 0.5 spores - 150
inoculun, 2 xL 0/ml
Secondary Laboferm 7.5 C 10 Z% (v/v) 24 450 0.5
inoculun fermenter (or enriched) primary
culture
Production*Microfeun 16.0 D 10 10% (v/v) 24 3100 t.5
fermenter secondary orculture 30
Note: Enriched soya medium: 20 g/1, soya flour (instead 
of 10 g/1)? glucose 45 g/1, pH 6.0.
Lipase production was then monitored and the results are 
presented m  Figure 3.17.
The results show that R. arrhizus is capable of 
producing high levels of lipase under the conditions
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Figure 3 17 Effect of different secondary fermenter inocula on lipase 
production (©) by R arrhi2us cultures m  Microferm fermenters containing 
Medium D (10-1)
A 24 hour fermenter inoculum, B 30 hour fermenter inoculum,
C 24 hour fermenter inoculum (Medium C, enriched)
See text for experimental conditions
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used. Starting the secondary inoculum fermenters with a 
2% (v/v) vegetative inoculum allowed better subsequent 
production, compared with using a 10% (v/v) inoculum. In 
each fermentation the target yield of 400 units/ml was 
approached, with fermenter C producing over 550 
units/ml. In general, the production phase appears to 
peak at 48 hours, after which time the lipase yields 
tended to decline. After this period growth appeared to 
become thinner also. The age of the standard inoculum 
(Medium C) did not affect the fermentation pattern very 
much. Use of higher soya flour levels (20 g/1 instead of 
10 g/1) appeared to be beneficial to enzyme yields. 
Sugar utilization by this culture was very rapid with 
sugars being depleted to below 5 g/1 in 17 hours, at 
which time the levels m  fermenters A and B were still 
~22 g/1.
3.4.3. Experiences with lipase production m  
plant-scale fermenters.
Section 3 .3.12. descr ibes how a 200-litre pilot-scale 
secondary inoculum was developed. This was used to 
inoculate plant-scale fermenters of 3,000-litres gross 
capacity containing 2,000 litres of production medium 
(Medium D). Previous experiments have shown that 
R. arrhizus is sensitive to impeller tip-speeds above 
110 cm.s'1 (Sections 3.3.8 and 3.4.1.2). When the 
standard impeller speed was used in the plant-scale 
fermenter containing production medium, no growth or
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lipase production occurred (Section 2,6). In another 
experiment, aeration at 1.5 v/v/m was tried, without 
agitation, to test if this would be sufficient to aerate 
and mix the fermenter contents. However, poor mixing of 
solid maize particles resulted m  poor growth and enzyme 
yields (less than 20 u/ml m  2 4 hours).
In other experiments the impeller speed was reduced to 
72 r.p.m. (170 cm.s"1 tip-speed) with an aeration rate 
of 1.5 v/v/m. These conditions allowed good growth of 
R. arrhizus and a typical lipase production pattern is 
presented in Figure 3.18. Almost 3 20 units/ml were 
obtained after only 36 hours incubation, even though pH 
remained below 6.0. Reducing-sugars were depleted from 
21 g/1 to less than 5 g/1 after 18 hours incubation. In 
further plant-scale fermentations yields of up to 55 0 
units/ml were routinely obtained after 4 8 hours 
incubation. The economic enzyme target-yield had been 
achieved.
3.4.4.
Section 3.4 describes how problems related to growth of 
R. arrhizus in production fermenters were solved. These 
problems were caused by medium components and fungal 
mycelia attaching to fermenter parts, reducing both 
growth and enzyme yield potential. Dispersed growth and 
good lipase production were obtained in Microferm 
fermenters. Further experiments demonstrated that lipase
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Time (hours)
Figure 3.18 Effect of incubation time on lipase production (0) by 
R.arrhizus m  a plant-scale fermenter (3,000-1) containing Medium D 
(2,000 1) incubated at 30°C with 72 r p m agitation and 1.5 v/y/m 
aeration Vegetative inoculum (10% v/v) was developed in a pilot- 
scale fermenter (250-1) containing modified Medium C inoculated with 
standard flask inoculum See text for details (Section 3 4.3).
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production was affected by levels of aeration and 
agitation. An experimental inoculum development process 
was conducted on a laboratory-scale and good enzyme 
production was demonstrated. Finally, lipase production 
was achieved on the plant-scale with yields exceeding 
the economic level of 400 units/ml.
The final process consists of development of a 
vegetative primary flask inoculum from spores in soya 
medium, transfer at 2% (v/v) to a pref ermenter,
containing enriched soya medium, using incubation 
conditions with a low shear-rate. A 10% (v/v)
prefermenter inoculum is then used for the production 
fermenter which is operated at a reduced agitation rate. 
Incubation periods should optimally be around 24 hours 
for flask inoculum and for prefermenter growth, and 4 8 
hours for lipase production.
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3.5. DEVELOPMENT OF A RAPID LIPASE ASSAY.
During the preliminary work for this project a lipase 
assay was used with olive oil as substrate (Section 
2.8.2.1? Naher, 1974). The lipase enzyme reacts with the 
olive oil emulsion releasing fatty - acids from 
tnglycndes. The assay was conducted at 3 7°C and pH 7.0 
with constant stirring. These free fatty-acids lowered 
the pH of the reaction mixture and this was titrated 
back to pH 7.0 by addition of sodium hydroxide from a 
burette. To estimate the additional amounts of fatty- 
acids released, but not ionized at pH 7.0 (i.e. not
measured by the pH meter), the reaction mixture was
titrated to pH 9.0 at the end of the 10 minute reaction 
period. The number of moles of sodium hydroxide added is 
a direct measure of moles of fatty-acids released. One
unit of activity requires one mole of fatty-acids to be 
released per minute, per ml of enzyme added (Naher, 
1972). Sodium taurocholate must be added to act as a 
fatty-acid acceptor to prevent enzyme inhibition, while 
calcium ions are added to aid the ionization of
long-chain fatty-acids. Gum arable is added to stabilize 
the olive oil emulsion. As may be seen m  Section
2.8.2.1., the assay involved preparation of many 
solutions, some requiring over-night storage before use. 
It was found that the assay as a whole was too
cumbersome to be used as a rapid routine test for many 
lipase samples.
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The literature on the subject was examined and several 
authors had noted the advantages of using tributynn as 
a lipase assay substrate (Desnuelle, 1972; Semeriva et 
al. , 1971). These include the ability of tributynn to 
form an emulsion when agitated vigorously on a magnetic 
stirrer (Section 2.8.2.2). The emulsion is unstable when 
agitation is stopped, but reforms readily when stirring 
is restarted. This property is apparently due to the 
short fatty acids (C-5) occurring m  tributynn, in 
contrast to those occurring in olive oil (Merck Index, 
1976). Another advantage, related to lipase assays at pH
7.0, is that the fatty-acids released (butyric acid) 
have a pK* of 4.5 . This means that at pH 7.0 all free 
fatty - acids are ionized and therefore titratable 
(Laboureur & Labrousse, 1966). These acids are freely 
soluble in water and so do not require a fatty acid 
acceptor molecule.
A lipase assay was then developed using the titrimetric 
principle of the olive oil assay, i.e. release of fatty 
acids was titrated potentiometrically using sodium 
hydroxide. The reaction vessels were the same (100 ml 
beakers), but only a 30 ml reaction volume was used. An 
aqueous emulsion of tributynn was prepared by stirring 
vigo rously on a magnetic stirrer and then quickly 
dispensing this into reaction vessels. These were 
equilibrated to 3 7^C and pH 7.0 and 1 ml of enzyme 
dilution added at t=0, again stirring vigorously to 
maintain the emulsion. The titrations were then
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conducted for different periods.
A substrate level of 5% (v/v) was adopted when it was 
shown that increasing this to 10 or 15% did not effect 
enzyme activity. Initially, the diluent used for the 
substrate contained 0.1m NaCl to aid emulsification. 
Later, 0.1m CaCl^ was also ^added, as high levels of 
calcium are present in lipase production media (Sections 
2.7.4 and 2.7.5). Calcium ions were not found to be 
stimulatory in this assay, but they have previously been 
implicated in lipase stability (Laboureur & Labrousse, 
1966). Lipase activity on tnbutyrin was found to be 
lower than on olive oil, under the conditions used. The 
sensitivity of the assay was increased by using 5 mM 
NaOH m  a 10 + 0.02 ml burette, instead of lOmM in a 
5 0 + 0.1 ml burette. To further speed up the procedure,
assays were conducted for 5 minutes only, although the 
reaction rate was shown to be linear up to 15 minutes. 
When different dilutions of a standard lipase 
preparation were assayed, titers were obtained m  
proportion to the dilution used. Background activity,
i.e. when no enzyme was added to the reaction mixture, 
was shown to be minimal. Finally, using lipase samples 
from several cultures\of R. arrhizus, activity units 
obtained using tnbutyrin and olive oil assays were
compared (Sections 2.8.2.1 and 2.8.2.2). The results are
shown m  Table 3.20. These show that good correlation
between the assays was obtained. Other experiments, 
using commercial lipase preparations, showed good
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correlations also.
The tnbutyrin assay was found to be more efficient 
because fewer solutions had to be prepared. Enzyme 
diluent (10 g/1 NaCl) and substrate diluent (0.1m
NaCl/CaCl^) were prepared m  bulk. The substrate 
emulsion was formed m  100 ml quantities and dispensed. 
Sodium hydroxide was prepared by diluting 0.5M NaOH with 
cooled, boiled water. Finally the assay was conducted 
for 5 minutes only. This assay was then used to analyse 
for lipase in fermentation development work (Sections
3.2, 3.3 and 3.4), and also to determine the properties 
of different lipase preparations (Section 3.6).
Table 3.20. Comparison of tnbutyrin and olive oil 
assays for estimating lipase activity
Sample Olive oil 
(Units/ml)
Tnbutyrin 
( Units/ml)
A 22.0 21.0
B 23.2 18.5
C 129.0 125.0
D 146.0 135.0
E 89.0 92.5
F 81.0 83.8
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3.6. PROPERTIES OF SOME LIPASE ENZYMES.
Enzymes isolated from different sources differ m  
characteristics such as optimum pH and temperature for 
activity or stability (Godfrey & Reichelt, 1983). These 
properties may vary according to assay procedures used 
or purity of the enzyme preparation. In this section, 
the properties of lipases from three sources were 
compared. These sources were: lipase produced by
R. arrhizus in our laboratory, a Sigma London 
R. arrhizus lipase preparation (No. L4384), and a Sigma 
London porcine pancreatic lipase preparation 
(No. L3126).
3.6.1. Comparison of temperature-activity patterns.
Using the tributynn assay, lipase activity was 
determined at different incubation temperatures for each 
enzyme preparation (Section 2.8.2.1). The results are 
presented m  Figure 3.19.
The results indicate that the temperature-acti v i ty
curves for the two R. arrhizus lipase preparations were
similar. Their optimum temperature was around 30°C. The
ooptimum temperature quoted m  the literature is 37 C 
(Laboureur & Labrousse, 1964, 1966 ; Mauvernay et al. , 
1970). These optima were obtained using an olive oil 
assay, however. It was shown, using the olive oil assay, 
that higher activity was obtained at 37^C compared with
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Figure 3,19 Temperature activity curves for different lipase preparations 
A R arrhizus laboratory culture supernate, B. R.arrhizus lipase, Sigma, 
London (L 4384), C Porcine pancreatic lipase, Sigma, London (L 3126)
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o
2.8.2.2). This confirms that the conditions of assay can
affect optimum reaction conditions. The tempera ture-
activity curve for pancreatic lipase differed from that
for R. arrhizus lipase. The optimum temperature was
oshown to be 37 C using the tnbutyrin assay. Again, 
previous results have shown the optimum temperature to 
be 50°C (Godfrey & Reichelt, 1983). However, no 
confirmatory tests were carried out using the olive oil 
assay.
3.6.2. Comparison of pH-activity patterns.
The pH of the tnbutyrin assay was varied from 5.0 to 
9.0 and the effect on the activity of the lipase 
preparations determined. Activity at pH 3.5 was 
determined using the‘olive oil assay. The tnbutyrin 
assay proved unreliable below pH 5.0, when the titration 
had to be brought to pH 7.0 after incubation, to allow 
all the butyMc acid released to be determined 
potentiometncally (Section 3.5). The results are 
presented m  Figure 3.20.
The R. arrhizus lipase preparations showed maximum
activity at pH 7.0. The curves differed m  that the 
Sigma lipase (B)wcts more sensitive to higher pH, when 
activity was significantly reduced. The literature has 
reported that R. arrhizus lipase is unusual m  that it 
exhibits secondary peak of activity at pH 3.5 (Laboureur
30 C for both R. arrhizus lipase preparations (Section
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Figure 3 20 pH - activity curves for different lipase preparations*
A R arrhizus - laboratory culture supernate, B R.arrhizus lipase, Sigma, 
London (L 4384), C Porcine pancreatic lipase, Sigma, London (L 3126)
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& Labrousse, 1964, 1966 ; Mauvernay et al. , 1970).
However, this was not found for the R. arrhizus culture 
lipase. It is difficult to find an explanation for this, 
unless this strain of R. arrhizus differs from that used 
to prepare the Sigma lipase. Porcine pancreatic lipase 
showed a marked preference for pH 7.0 and above, A broad 
maximal activity peak was observed with maximum activity 
occuinng at pH 7.0. Some residual activity was noted at 
pH 3.5, also.
3.6.3. Effect of temperature on lipase stability.
To examine the effects of temperature on lipase 
stability, enzyme preparations were incubated at pH 7.0 
and the residual lipase activity was determined. The 
enzyme preparations were diluted in 0.1 M Tris-HCl 
buffer pH 7.0 to approximately 8 0 units/ml (Appendix 
II). These mixtures were sampled at zero time, and after 
four hours incubation at different temperatures, for 
lipase analysis using the standard tnbutyrin assay. The 
percentage residual lipase activity was calculated for 
each incubation temperature. The results are presented 
in Figure 3.21.
The lipase activity of the R. arrhizus laboratory 
culture was stable up to 45^C , when over 8 0% of activity 
remained. This was m  contrast to the Sigma fungal 
lipase which was sensitive to storage at temperatures
oexceeding 30 C. This latter finding is in agreement with
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Figure 3 21 . Effect of temperature on lipase stability after 4 hours 
incubation at pH 7.0 for A R arrhizus laboratory culture supernate,
B R arrhizus lipase, Sigma, London (L 4384), C Porcine pancreatic lipase, 
Sigma, London (L 3126)
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previous reports. The difference may be accounted for by 
the fact that the R. arrhizus laboratory culture lipase 
was unpurified and contained a high level of calcium 
ions. Calcium ions were not added to the enzyme mixtures 
during these trials. Alternatively, these different 
properties may indicate again that different lipase
proteins were being produced by different strains of
\
R. arrhizus. Porcine pancreatic lipase retained only
ohalf of its initial activity up to 37 C, above which the 
loss of activity was more marked.
3.6.4. Effect of pH on lipase stability.
To examine the effects of pH on lipase stability, enzyme
opreparations were incubated at 37 C over a pH range 3-8, 
and the residual lipase activity determined. The enzyme 
preparations were diluted to 80 units/ml m  appropriate 
buffers and incubated for 4 hours. Lipase activity was 
determined at zero and after 4 hours, and the percentage 
residual activity calculated. The buffers used were
0.1 M Tns-HCl for pH 7 and 8, and 0.1 M citrate for pH 
3-6 (Appendix II). The results are presented m  Figure 
3.22.
The results show that the lipase of the R. arrhizus 
culture was stable at pH 4 and above. The Sigma fungal 
lipase retain 56% activity at pH 4 and 99% activity at 
pH 5.0. At higher pH values the residual activity 
dropped markedly. The porcine pancreatic lipase was more
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Figure 3.J2. Effect of PH OTl lipase stability after 4 hours incubation at 
37°C for A R arrhizus - laboratory culture supernate, B R arrhizus 
lipase, Sigma, London (L 4384), C Porcine pancreatic lipase, Sigma, 
London (L 3126)
134
stable at pH 5-6 than at higher or lower values, A 
minimum of 3 0% activity was lost under all conditions of 
incuba ti on t ested, whi ch may mdi ca te tha t the 
preparation was contaminated with a protease enzyme.
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3.7. FACTORS AFFECTING MORPHOLOGY OF R. ARRHIZUS IN 
SUBMERGED CULTURE.
The conditions most often implicated m  affecting fungal 
growth morphology include level and type of inoculum, 
and growth medium and conditions (Metz & Kossen, 1977; 
Whitaker & Long, 1973). These findings have been
confirmed m  the case of R. arrhizus m  different 
sections of this thesis (Sections 3.1, 3.3.4 and 3.3.5).
The aim of this section of work was to further 
investigate the effect of medium constituents on 
morphology. It was decided to determine if specific 
components added to complex or defined media would 
induce pelleted or filamentous growth. These components 
were selected from the literature on fungal growth and 
morphology. The ultimate aim of the work was to g a m  a 
greater understanding of the factors causing and
preventing pellet formation by R. arrhizus.
Many authors have published results on fungal growth 
morphology and have described types of growth obtained 
qualitatively and quantitatively (Burkholder & Smnott, 
1945; Clark, 1962; Steel et al., 1954; Testi-Campasano, 
1959). The types of growth morphologies found in the
course of this work on R. arrhizus did not conform to 
previous classifications. A key was drawn up to
facilitate description of growth morphologies. Macro- 
and microscopic observations were made on each culture
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(Section 2.9), A description of each morphology type is 
presented m  Table 3.21 and some representative 
photographs of growth are shown in Figure 3.23.
Table 3.21. Key to degree of clumping or pelleting in 
R. arrhizus (refer also to Figure 3.23)
Growth Type:
1. Discrete pellets.
Growth centres - round or variable in shape; 
size variable but generally about 1 mm diameter; 
filling medium with up to 3x10 /I.
Microscopically; centres smooth and dense, although some 
lighter, more filamentous pellets were also encountered 
having a clumpy gross morphology.
2. Clumped, coalesced growth.
Growth coalesced or clumped into one fungal mass, not 
generally filling medium.
Microscopically: dense, smooth growth.
*
3. Clumped, pelleted growth.
Centres of growth discernible on dilution with sizes 
ranging from 1 cm to several cms, with a range appearing 
in each culture.
continued over,
continuation
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Microscopically: dense growth centres.
4. Dispersed, pelleted growth.
Centres of growth discernible on dilution with sizes 
ranging from 1mm to several mms in any given culture. 
Microscopically: growth less dense and more filamentous.
5. Dispersed, filamentous growth.
Growth dispersed and filling medium, visible on dilution 
as a turbid suspension.
Microscopically: many single hyphae, some light
filamentous conglcmerates.
3.7.1. Growth and morphology of R. arrhizus in complex 
media.
3.7.1.1.(a). Comparison of growth in different media.
Three complex media were compared, using a range of 
component concentrations, for growth morphology under 
standard conditions (Section 2.4). A spore inoculum of 
2x10^ spores/ml was used to inoculate 250 ml conical 
flasks containing 100 ml media. Growth morphology was 
examined after 24 hours incubation. The results are 
presented m  Table 3.22.
138
Figure 3 23 Growth morphologies of R.arrhizus in shake-flasks.
1./2. Discrete pellets.
3. Clumpy growth.
4. Dispersed growth
Table 3.22. Growth morphology of R. arrhizus m  complex media
Medium Nitrogen Source (g/1)
Casein Peptone Yeast
Extract
Glucose t=0 
(g/l)
pH
t=24
Growth 
Morphology Type
1. 20.0 45.0 5.47 3.54
2. 10.0 45.0 5.61 2.82
3. 5.0 45.0 5.60 2.82
4. 2.5 45.0 5.68 2.83
5. 1.0 45.0 5.45 2.69
6. 20.0 10.0 5.93 5.09
7. 20.0 *5.0 6.03 5.94
8. 20.0 45.0 5.63 3.58
9. 10.0 45.0 5.81 2.93
coalesced growth (2)
Discrete pellets (1)
Clumped,
coalesced growth (2)
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10. 5.0 45.0 5.77 2.85 (
11. 2.5 45.0 5.66 2.81 ) Clumpy growth (1) (see text)
12. 1.0 45.0 5.40 2.98 (
13. 20.0 10.0 6.43 6.63
14. 20.0 5.0 6.60 7.16
15. „ 20.0 45.0 5.80 4.85
16. 10.0 45.0 5.85 3.69
17. 5.0 45.0 5.48 2.75 ( Clumped, coalesced growth (2)
18. 2.5 45.0 5.69 2.52
19. 1.0 45.0 5.42 2.56
20. 20.0 10.0 6.03 6.91
21. 20.0 5.0 6.19 7.22
Note For morphology, refer to key (Section 3.7). Cultures were grown in 250 ml conical 
flasks with 100 ml medium and inoculated with 2x10 spores/ml. Incubation was conducted 
at 30°C, 150 r.p.m. for 24 hours.
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Results show that R .arrhizus grows predominantly m  a 
clumped, coalesced form under the conditions used. At 
lower levels of casein (1-5 g/1), discrete, dense
pellets were formed. At similar levels of peptone, 
filamentous growth centres (1 mm) were discernible on 
dilution only, the gross morphology occurring as clumped 
growth. This is in contrast to the other media used. 
This feature of peptone medium growth morphology was 
later shown to occur erratically, some cultures not 
being dispersed by dilution.
3.7.1.1.(b). Effect of varying peptone medium components 
on growth.
The effect of varying peptone media components on 
biomass yield and growth morphology was then examined 
in 24-hour cultures (Section 2.4; Table 3.23). The 
results indicate that increasing the peptone 
concentration increased the level of bicmass obtained. 
In all cultures, clumped growth was obtained. However, 
at lower peptone levels (1-5 g/1), growth centres were 
discernible on dilution as before (Section 3.7.1.1.a). 
Within this range, there appeared to be an inverse
relationship between the level of peptone and numbers of 
growth centres ocurnng. Glucose was only minimally
utilized at the lowest peptone level (1 g/1) and only a 
low yield of biomass was produced. This suggests that 
the cultures were limited by the nitrogen source. It is 
possible that these results indicate that coalescence
Table 3.23. Effect of varying peptone medium components on growth of R. arrhizus 
A. Effect of varying peptone levels.
Medium Peptone
( g / D
Glucose pH 
(g/1) t=0 t=24
Dry weight 
(mg/100ml)
Residual 
sugars(g/1)
Pellets 
(No./ml)
1 . 20.0 45 5.78 3.72 495.2 1.9 -
2. 10.0 45 5.78 2.98 344.0 10.2 -
3. 5.0 45|
i
5.74 2.75 194.6 38.8 80
4. 2.5 w
f / 5.62^ 2.78 104.1 40.0 138
5. 1.0 45 5.33 2.98 44.5 45.0 >300
B. Effect of ^ varying glucose levels.
1 . 5.0 45 5.74 2.75 194.6 38.8 80
2. 5.0 30 5.95 2.85 170.7 20.9 160
3. 5.0 20 6.15 2.80 177.4 10.9 200
4. 5.0 10 6.48 2.84 173.7 1.3 >300
5. 5.0 5 6.60 3.28 175.2 <0.1 >300
Note: For morphology key, refer to Section 3.7.
Growth
Clumped coalesced 
growth (2)
Clumpy growth (1) 
(see text)
Clumpy growth (1) 
(see text)
Cultures were grown in 250 ml conical flasks with 100 ml medium, inoculated with 2x10 
spores/ml, and incubated at 30°Cf 150 r.p.m. for 24 hours.
5-
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and pelleting occurs in a sequence, ranging from large 
numbers of growth centres, to the formation of a single 
fungal mass. The effect of glucose concentration was 
examined using a single peptone concentration (5 g/1).
Neither biomass yield nor growth morphology were 
affected by glucose levels ranging from 5-30 g/1.
However, lower levels of glucose resulted m  higher 
numbers of growth centres. Again, it is possible that at 
glucose levels of 5 g/1 and 10 g/1, some limitation was 
being placed on growth although biomass levels were not 
affected. Biomass levels obtained from 45 g/1 glucose
were slightly higher with fewer growth centres 
occurring.
Peptone medium containing: soya peptone, 5 g/1? glucose, 
20 g/1? pH 6.0 (Medium B.2), was selected for use in 
further experiments on growth morphology.
 ^ 3.7.1.2. Effect of culturemedium supplements on growth
of R. arrhizus.
Many medium supplements have been cited in the 
literature as affecting fungal growth morphology (Metz & 
Kossen, 1977). These include oils and lipids, detergents 
and polymers (Baig et al. , 1972? Kobayashi & Suzuki,
1972 a, b? Reese & Maguire, 1969? Takahashi et al. , 
1965 ). A range of these additives were added to peptone 
medium (Medium B. 2) and the effect on growth morphology 
of R. arrhizus was examined under standard conditions
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(Section 2.4). The results are presented in Table 3.24. 
The results show that Triton X-100 and sodium 
deoxycholate caused the formation of discrete pellets. 
Oleic acid increased the biomass yield but did not alter 
the growth morphology. A similar result was observed 
with polyethylene glycol.
3.7.1.3. Effect of culture medium viscosity on growth 
of R. arrhizus.
Viscosity has been shown to affect fungal growth 
morphology by several workers (Metz & Kossen, 1977; 
Takahashi et al. , 1960 a, b). In this experiment, a 
range of viscous agents were added at different 
concentrations to peptone medium (Medium B.2). Cultures 
were inoculated with 2x10r spores/ml and incubated under 
standard conditions (Section 2.4). The initial viscosity 
of each medium was determined (Section 2.10). After 24 
hours incubation, the dry weight and morphology of 
growth was determined. The results are presented in 
Table 3.25.
The results indicate that,m general, growth morphology 
was more dispersed in media with increased viscosity. 
The anionic polymers bear a negative charge, so 
increasing their concentration affects the number of 
acidic groups present, as well as viscosity. Non-ionic 
polymers do not bear a net charge and so their effects 
on morphology may be more directly attributed to
Table 3.24. Effect of medium supplements on growth morphology of R. arrhizus
Medium
Supplement % (v/v)
EH
t=0 t=2 4 Dry weight
Growth?
Morphology
Control 5.92 3.20 180.0 Clumpy growth (l)(Sect 3.7.1)
Triton X -100 0.1 5.98 4.20 158.0 Discrete pellets (1)
Span-20 0.1 5.92 3.50 157.0 Clumped, coalesced growth (2)
Span-20 0.4 5.90 3.60 179.0 Clumped, pelleted growth (3)
Sodium deoxycholate 0.1 (g/1) 5.97 3.20 190.7 Clumped, coalesced growth (2)
Sodium deoxycholate 0.6 (g/l) 5.80 3.80 156.5 Discrete pellets (1)
Oleic acid 0.1 5.85 3.32 215.8 (
Soya bean oil 2.0 5.86 3.18 n/m |
Peanut oil 2.0 5.90 3.18 n/m ( Clumped, coalesced growth (2)
Polyethylene glycol 3.0 (g/1) 5.85 3.31 213.8
Polyvinylalcohol 3.0 (g/D 5.90 3.27 178.3 (
Notes: n/m = not measured, due to interference with measurement.
Growth morphology: refer to key in Section 3.7.
Cultures were grown in peptone medium (Medium B.2), 100 ml xn 250 ml conical flasks, 
inoculated with 2x10^ spores/ml, and incubated at 30 C and 150 r.p.m. for 24 hours.
B. Non-ionic polymers;
12. M-cellulose 10.0 4.53 6.23 2.60 196.0 Clumped, coalesced growth (2)
13. M-cellulose 20.0 14.69 6.30 2.67 n/m Clumped, pelleted growth (3)
14. M-cellulose 30.0 38.75 6.30 2.60 n/m Dispersed, pelleted growth (^4)
15. Dextran 20.0 3.20 5.78 3.00 187.1} Clumped, coalesced growth (2)
16. Dextran 30.0 5.02 6.13 -3.00 186.3j
17. Dextran 40.0 7.59 6.15 3.10 182.8 Clumped, pelleted growth (3)
18. Polyethylene oxide 5.0 1.78 6.20 3.22 201.4 Clumped, coalesced growth (2)
19. Polyethylene oxide 10.0 4.30 6.40 3.26 196.1 ) Clumped pelleted growth (3)
20. Polyethylene oxide 15.0 9.44 6.60 3.30 207.6 )
21. Polyethylene oxide 20.0 18.41 6.50 3.20 191.4 Dispersed, pelleted growth (4)
Notes; n/m = not measured due to interference with measurement.
Growth morphology: refer to key in Section 3.7.
Cultures were grown in peptone medium (Medium B.2), 100 ml in 250 ml conical flasks, inoculated
S' Owith 2x10 spores/ml, and incubated at 30 C and 150 r.p.m. for 24 hours.
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viscosity. Sodium alginate was the most effective 
polymer at dispersing growth, giving filamentous growth 
at 20 g/1 (9.05 cP). Other polymers (such as
carboxymethyl cellulose and Carbopol-934) required 
higher concentrations and/or viscosities to achieve 
similar levels of dispersion. Anionic polymers had a 
significant pH-buffering effect. However, other results 
have indicated that pH does not affect pelleting in 
R. arrhizus (Sections 3.3.4 and 3.7.1.4). Biomass yields 
tended to be higher when growth was more dispersed. In 
some cases, some of the apparently higher biomass levels 
may have been due to polymers attaching to the mycelia 
and not being removed by the washing procedures used 
(Section 2.5).
3.7.1.4. Studies on the effect of metal ions on growth 
morphology.
Metals such as manganese, zinc and iron have been 
reported to affect fungal growth morphology (Choudhary & 
Pirt, 1965; Clark 1962; Clark & Lentz, 1963). Divalent 
cations, such as magnesium and calcium, have been 
implicated m  promoting yeast flocculation, a phenomenon 
similar to fungal pelleting (Atkinson & Daoud, 1976; 
Mill, 1964 b).
In a series of experiments, magnesium ions (1.25 mM 
MgSO^) were added to peptone cultures (Medium B.2) and 
incubated under standard conditions (Section 2.4).
149
Inoculum used was 2x10 spores/ml. The metal ions were 
added at different times during incubation. A series of 
cultures were also examined m  which the initial pH was 
adjusted aseptically prior to inoculation. The results 
are presented in Table 3.2 6.
The results show that growth morphology was affected by 
addition of magnesium ions. Growth was changed from an 
amorphous, clumped morphology to one with many discrete 
pellets. This process ocurred even with ion additions 
after 12 hours incubation, when the spores had 
germinated and hyphae had formed (Section 3.7.1.1). With 
magnesium added at zero time, this pelleting was 
unaffected by the initial pH of the medium. A similar 
effect was observed when 1.25 mM CaCl^ was added to the 
medium. When CaCO^ was added at this level, the effect 
on morphology was similar, with the carbonate apparently 
being taken up by the pellets giving them a chalky 
appearance.
3.7.1.5. Effect of polymers and magnesium ions on growth 
morphology.
An experiment was then conducted to test if addition of 
polymers would reverse the pelleting effect of magnesium 
ions m  peptone medium. Polymers at different 
concentrations were tested m  peptone medium (Medium 
B.2) containing 1.25 mM MgSO^. Cultures were inoculated 
with 2x10 spores/ml and incubated under standard
Table 3.26.Effect of adding 1.25 mM MgSO, on growth morphology of R. arrhizus 
in peptone media
Time (hours) 
of MgSOg addition
(No 4+Mg)Control
0
4
8
12
0
0
0
0
0
Note: For growth morphology see
£H_ £t = o ts. 2*
6.0 2.75
5.95 2.70
6.10 2.80
6.00 2.78
6.05 2.75
7.00 2.54
5.85 2.50
4.96 2.50
3.90 2.45
2.73 2.35
r key
Growth morphology
Clumpy growth (1)(Section 3.7.1)
) Discrete pellets (1)
m  Section 3.7.
30° C
conical flasks with 100 ml (Medium B.2) inoculated with 2x10’ 
and 150 r.p.m. for 24 hours. Sterile additions of MgSO^
Cultures were grown in 25 0 ml 
spores/ml, and incubated at 
were made at times indicated,and cultures with different initial pHs were adjusted 
aseptically before inoculation using sterile 0.1M HCl or NaOH.
I
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conditions (Section 2,4). The results are presented in 
Table 3.27.
Anionic polymers dispersed growth of R. arrhizus in the 
presence of magnesium ions, as if no ions had been added 
(Section 3.7.1.3) . Methyl cellulose, a non-ionic 
polymer, did not disperse growth in the presence of 
magnesium ions at 5-20 g/1. These results illustrate the 
dual role anionic polymers appear to play in affecting 
fungal morphology: viscosity and cation absorption. It 
would appear that the presence of divalent cations has a 
greater influence on morphology than viscosity. The 
properties of some polymers are considered m  Section
3.7.3.
3.7.1.6. Effect of maize solids on growth morphology.
When the ingredients of lipase production medium (Medium 
D) are examined, it will be seen that large quantities 
of MgSO^, CaCl^ and CaCO^ are added (Section 2.7.4). Yet 
experiments using peptone medium (Medium B.2) have 
indicated that even small amounts of magnesium can 
severely pellet growth of R. arrhizus (Section 3.7.1.4). 
Despite this, growth in production fermenters remained 
dispersed and porndgy (Sections 3.2.1 and 3.4.1). This 
morphology is not readily classified using the 
morphology key which was drawn up for soluble peptone 
media (Section 3.7). The main difference between peptone 
medium (Medium B.2) and lipase production medium (Medium
Table 3.27. Effect of polymers and metal ions on growth morphology
Medium supplement (g/1) Viscosity (cP) MgSOi (1.25 mM) Growth Morphology
Control 1 
Control 2
(no Magnesium)
(MgSO^, 1.25 mM)
1.06
1.06
A. An ionic polymers:
Na-alginate
Carbopol-934
CM-cellulose 
CM-cellulose 
CM-cellulose 
CM- c$l lulose
20
3
5
10
20
30
B. Nomonic polymers:
M- cellulose 
M-cellulose 
M-cellulose 
M-cellulose
5
10
20
30
>2000
1.81
3.54
9.58
27.40
2.31
4.57
15.91
48.0
Clumpy growth (1) (Section 3.7.1) 
Discrete pellets (1)
Dispersed,fllamentous growth (5) 
Dispersed#pelleted growth (4)
Clumpy growth (1) (Section 3.7.1) 
Dispersed,pelleted growth (4)
Discrete pellets (1)
Clumped,pelleted growth (3)
Note: For morphology key see Section 3.7.
Cultures were grown in 250 ml conical flasks with 100 ml peptone medium (Medium B.2,
r osupplemented as indicated), inoculated with 2x10 spores/ml, and incubated at 30 C and
150 r.p.m. for 24 hours.
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D) is that the latter contains 45 g/1 maize solids.
These have been reported to enable Aspergillus species 
to grow dispersed (Smiley et al. , 1967). When added to 
peptone medium (Medium B.2) R. arrhizus was shown to 
grow in a dispersed manner similar to production medium 
cultures. This dispersion occurred even m  the prescence 
of CaCl^ and CaCO^. Maize particles may chelate ions 
from solution preventing pelleting. Microscopic 
observations on samples have shown that the mycelia 
appear to bind to the maize particles and use these as 
growth centres. Perhaps this prevents too many mycelia 
binding together to form pellets or clumps.
3.7.1.7. Comparison of growth in peptone and soya 
media.
Soya medium (Medium C) has been shown to yield dispersed 
growth of R. arrhizus (Section 3.3.5). This growth may be 
classified as Type 5 or dispersed, filamentous growth 
(Section 3.7). Growth m  this medium has also been shown 
to be affected by addition of 100 mM CaC03 which caused 
the formation of pellets (Section 3.3.5). Addition of 
100 mM MgSO^ has been shown not to affect growth
m  soya medium, whereas addition of the same level of 
CaCO^ caused pelleting. This is m  contrast to findings 
with peptone media where both MgSCK and CaCO. caused
tr 2
pelleting, even at very low levels (Section 3.7.1.4). 
The solid, insoluble components in soya medium may bind 
mycelia or divalent cations preventing pellet formation,
as was postulated for media containing maize solids 
(Section 3,7.1.6). The structures of hyphae formed in 
these media are compared m  Section 3.7.1.8.(b).
3.7.1.8. Microscopic observations on growth of 
R. arrhizus.
3.7.1.8.(a). The sequence of events leading to pellet 
formation.
In order to establish the sequence of events leading to 
pellet formation, an experiment was conducted in which 
samples were removed from cultures periodically during 
incubation and examined microscopically (Section 2.9). 
Samples removed were wet-mounted and photographed under 
a phase-contrast microscope. Some representative
photomicrographs of fungal mycelia at different
incubation times m  casein medium (Medium A), incubated
under standard conditions (Section 2.4), are presented
m  Figure 3.24.
Germination of spores occuxTfed in most media after 6 
hours incubation. Hyphae elongated and branched, forming 
mycelial conglomerates from 9 hours on. Within any 
given sample, a range of clump sizes were encountered. 
Coalescence continued in different media to various 
degrees and led to typical final morphologies. In many 
cases, spore aggregation was also observed. Addition of 
magnesium ions to cultures induced pelleting whether
5. 6.
Figure 3.24 Photomicrographs (magnification x 25) showing growth 
of R.arrhizus in Medium A (standard conditions) from 
spores.
1 and 2. t= 6 hours, 3 - 6. t = 9 hours and later
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added at zero time or up to 12 hours incubation (Section 
3.7.1.4). These results suggest that pelleting may occur 
by either spore or mycelial aggregation, or both.
3.7.1.8.(b). Hyphal structures formed m  different 
media.
When samples were removed from cultures in different 
media and examined by microscopy, a wide variation was 
observed in hyphal dimensions. This was especially 
marked m  media containing polymers where hyphae formed 
were particulary long and broad. To quantify these 
observations, an experiment was conducted using culture 
media yielding different final morphologies. Samples 
were removed after 12 and 24 hours incubation under 
standard, conditions (Section 2.4). Using wet-mounted 
samples, a micrometer attached to a phase-contrast 
microscope (xlOO) was used to measure single hyphae for 
total length, branching pattern and branch lengths 
(Section 2.10). At least 20 representative hyphae were 
measured for each sample and the average lengths 
calculated. The results are presented m  Table 3.28.
The results show that R. arrhizus hyphae grew much 
longer m  media supplemented with polymers. It would 
appear that long, more frequently branching hyphae are 
associated with dispersed growth. Shorter, less branched 
hyphae were observed mainly in media leading to pelleted 
growth. Hyphae m  polymer-supplemented media appeared
different media.
Hyphae t=I2 Hyphae t=24
Secondary Primary Secondary
branches Total branches branches
No. Lengthytm) l e n g t h N o .  Length(jum) No. Length^m)
173.3 6 55.0 2 25.0
(few free hyphae)
(no free hyphae)
2 50.0 387.5 6 71.0 2 26.6
6 113.6 725.0 9 201.7 2 50.0
8 25.0 800.0 7 350.0 4 230.0
1 25.0 837.5 14 54.0 7 12.5
supplemented as indicated) or in soya media (Medium C ),
Qinoculated with 2x10 spores/ml, and incubated at 30 C.
broader under the microscope with cytoplasma filling the 
whole length, Hyphae in media giving pelleted growth 
appeared to be thinner, but the different dimensions 
were below the sensitivity of the micrometer used 
(1 jUm) . Hyphae formed in soya medium were shorter at 
t=12 compared with media supplemented with polymers. At 
t=24 however, longer hyphae were observed with a higher 
frequency of branching.
3.7.2. Growth and morphology of R. arrhizus m  defined 
media.
Use of defined or mineral - salts media allows the 
examination of microbial growth in known chemical 
environments. Complex media contain many undefined 
ingredients which can have interacting effects on 
microbial growth. With defined media, all the components 
added are know^and may be varied independently. In this 
section the effect of polymers, metal ions and chelating 
agents on the growth of R. arrhizus m  a mineral-salts 
medium is considered.
3.7.2.1. Effect of polymers on growth m  defined 
medium.
In these experiments defined medium (Medium F) was 
supplemented with sodium alginate or carboxymethyl 
cellulose. The viscosities of the resulting media were 
determined (Section 2.10). Enzyme activity against the
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polymers was screened for m  culture supernates using 
the Bioglucanase assay method (substrate levels:
CM-cellulose: 10 g/1; Na-alginate: 5 g/1 ; see
Appendix I).
A range of glucose levels were used, and the culture 
biomass and morphology were determined after 32 hours 
incubation,under standard conditions (Section 2.4). The 
experimental results are presented in Table 3.29. No 
growth was observed m  media with sodium alginate or 
carboymethyl cellulose as sole carbon source.
None of the culture supernates showed
polymer-hydrolysing activity, even when reaction 
mixtures were incubated for 24 hours. These results 
indicate that R. arrhizus is not capable of degrading 
these polymers. Growth m  defined medium containing 10 
and 20 g/1 glucose was poor, with no growth occurring 
with 5 g/1 glucose. When polymers were added to these 
media,growth was very heavy and dispersed, even with 5 
g/1 glucose. Growth was heavier m  media containing
sodium alginate compared with carboxymethyl cellulose.
Growth m  these media increased with increasing glucose 
concentration.
In the presence of polymers, growth was of a dispersed, 
filamentous morphology, compared with the discrete 
pellets formed in their absence. Some cultures were so 
finely dispersed that filter papers used for dry weight
Table 3.29. Effect of polymers on growth of R. arrhizus in defined media
Medium: pH 6.20
Glucose Supplement 
(g/1) (g/D
Viscosity
(cP)
0 Na-alginate 5 2.35 6.73 NG
0 CM-cellulose 10 4.00 6.80 NG
5 _ 0.99 6.50 NG
5 Na-algmate 5 1.69 3.64 ') Dispersed, filamentous
5 CM-cellulose 10 2.76 4.45 ]) growth (5)
20 — 1.06 3.00 Discrete pellets (1)
20 Na-alginate 5 1.80 3.23 ]1 Dispersed, filamentous
20 CM-cellulose 10 3.00 3.76 )I growth (5)
45 — 1.10 3.00 Discrete pellets (1)
45 Na-alginate 5 1.64 3.25 i| Dispersed, filamentous
45 CM-cellulose 10 3.25 3.65 <) growth (5)
Culture:
pH Growth morphology Dry weight 
(mg/100 ml)
324.7
183.7
90.0 
Not filterable 
306.9
105.0
645.7 
388.2
Notes: NG = No growth occurred; for growth morphology see key in Section 3.7.
Cultures were grown in defined medium (Medium F, supplemented as indicated), 100 ml m  250 ml
9 oconical flasks, inoculated with 2x10 spores/ml, and incubated at 30 C, 150 r.p.m. for 32 hours
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determination were blocked. The drop in culture pH was 
reduced slightly in the presence of polymers. Initial 
viscosity was also increased, but not to high values. It 
seems unlikely that these two factors could have 
affected the culture morphology so significantly.
In another experiment, defined media containing 10 g/1
glucose, were supplemented with a range of polymers and 
the effect on growth determined under standard 
conditions. These results are presented in Table 3.30. 
In cultures containing polymers, growth yields were 
increased several-fold and the morphology was dispersed. 
This was observed m  the case of the non-ionic polymer, 
methyl cellulose, also.
3.7.2.2. Effect of metal ions and chelating agents on 
growth in defined media
It has previously been reported that fungal growth 
morphology can be affected by metal ions and chelating 
agents (Choudhary & Pirt, 1965). An experiment was 
conducted to determine the effect of different metal ion 
levels on growth of R. arrhizus. Defined medium (Medium 
F, glucose 20 g/1) was used and incubated under standard 
conditions after inoculation with 2x10 spores/ml 
(Section 2.4). The results are presented m  Table 3.31.
Reducing levels of magnesium m  the medium resulted in 
poorer growth yields and m  a clumped growth morphology.
Table 3.30. Effect of polymers on growth of R. arrhizus in defined media
Medium Culture.
Supplement Viscosity Dry weight Growth Morpholoqy
(g/D (CP) (mg/100 ml)
- 1.00 3.00 59.6 Discrete pellets (1)
Na-Algi nate 5.0 1.90 3.64 328.8 )Dispersed,
CM-Cellulose 10.0 1.76 4.38 204.1 )filamentous
Carbopol-934 0.8 1.74 3.10 194.6 )growth
M-Cellulose 10.0 4.85 2.48 197.2 ) (5)
Cultures were grown in defined media (Medium F, 10 g/1 glucose, supplemented as indicated), 
100 ml m  250 ml conical flasks inoculated with 2x10 spores/ml. Incubation was conducted 
at 30 °C and 150 r.p.m. for 48 hours.
Note: For morphology key see Section 3.7.
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Table 3.31. Effect of metal ion levels on growth of 
R. arrhizus in defined medium
Medium; pH 6.20 
No. Mg SO MnSO
(mM) (mM)
1. 1.25 0.20 2.20 272.0
2. 0.60 0.20 2.27 198.9
3. 0.30 0.20 2.40 168.6
4. 1.25 0.10 2.20 284.9
5. 1.25 0.05
*
2.20 274.6
6. 0.60 0.10 2.20 246.6
Culture: 
pH Dry weight Morphology 
(mg/1 OOil)
Discrete 
pellets (1)
Clumped,
} coalesced 
growth (2)
Cultures were grown m  defined media (Medium F, modified 
as above) 100 ml 250 ml culture flasks, inoculated with 
2x10 spores/mlr and incubated at 30 C and 150 r.p.m.
for 48 hours
Lower levels of manganese ions also resulted in a 
clumped growth morphology, but growth yields were not 
significantly affected. This observation was also made 
when both magnesium and manganese levels were reduced 
(medium no. 6).
In another experiment,defined media were supplemented 
with different levels of E. D. T. A., a metal chelating 
agent. Cultures were inoculated with 2x105* spores/ml and 
incubated under standard conditions (Section 2.4). The 
results are presented in Table 3.32.
Addition of 1.0 and 0.5 mM E. D. T. A. did not affect 
growth yield or morphology. When media were supplemented 
with 0.25 mM E.D.T.A. growth was filamentous and dry 
weight was significantly higher. Other observations 
made, using E.D. T.A. m  peptone medium (Medium B. 2), may 
help to explain these results. At 0.05 mM E.D. T.A. f 
growth in peptone medium occurred as discrete pellets. 
This implies that E.D. T.A. may act in a manner similar 
to magnesium ions m  inducing pelleting (Section
3.7.1.4.). The results in defined media may be explained 
by the balance of the pelleting versus the chelating 
effect of E.D. T.A. (which removes divalent cations from 
solution). The enhanced growth yield may reflect the 
improved metabolic efficiency associated with dispersed 
growth.
1*5
166
Table 3.32. Effect of E.D. T.A. on growth on defined 
medium
Medium:(pE 6.20) Culture:
No. E.D.T.A. pH Dry weight Morpholoqy 
(mM) (mg/lOOml)
1. - 2.20 272.0 \
2. 1.00 2.21 271.5 ) Discrete pellets (1)
3. 0.50 2.27 276.3 \
4. 0.25 2.24 316.5 Discrete, filamentous
growth (5)
Cultures were grown m  defined media (Medium F,
supplemented as above) 100 ml 25 0 ml flasks, inoculated
with 2x10*" spores/ml, and incubated at 3Q°C and 150
r.p.m. for 48 hours.
3.7.3. Investigation of the properties of some polymers.
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In earlier sections it has been noted that polymers may 
affect fungal morphology by a combination of cation 
binding and viscosity (Section 3.7.1.5). It has also 
been observed that anionic polymers have significant 
pH-buffering effects on cultures, m  contrast with 
non-ionic polymers (Section 3.7.1.3).
3.7.3.1. The pH-buffering effect of polymers.
In this experiment, peptone media (Medium B.2) 
supplemented with different polymers, were titrated with 
HC1 (0.1 M) to pH 5.5 and 4.5. The number of moles of 
acid required was calculated for each medium. The 
results are presented in Table 3.33. The buffering 
capacity of methyl cellulose (a non-ionic polymer) was 
negligible. Carbopol-934 had the highest buffering 
capacity per unit weight.
In the course of this work, it was noted that pH 
affected the viscosity of Carbopol-934 solutions. In an 
experiment, a solution of Carbopol-934 (3 g/1) m
peptone medium (Medium B.2) was adjusted to different 
pHs and the resulting viscosity measured. These results 
are presented m  Table 3.34. At low pHs (below 4.0) 
viscosity was low*but increased rapidly to >2000 cP at 
pH 6.0. When read} us ted to pH 4.0 viscosity was lowered. 
These results imply that R. arrhizus cultures grown in 
this medium have a low final viscosity (Section
Table 3.33. The pH-buffera
m moles/1 of HC1 added to 
Peptone medium supplement
Na-alginate 
CM-cellulose 
Carbopol-934 
M-cellulose
Peptone media (Medium B.2, 
were titrated to pH 5.5/4.
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ng effect of polymers
reduce pH from 6.0 to: 
(g/1) pH 5.5 pH 4.5
1.12 2.66
20 1.90 11.34
30 3.26 31.14
3 13.00 37.60
30 1.52 4.09
supplemented as indicated) 
with 0.1M HCl.
Table 3.34. Effect of pH on the viscosity of 
Carbopol-934 m  peptone medium
pH Viscosity (cP)
A. 3.78 4.68
B. 4.00 8.33
C. 5.00 720.00
D. 6.00 >2,000
E. Readjusted to 4.00 4.04
Carbopol-934 ( 3 g/1) m  peptone medium (Medium B. 2) was 
measured for viscosity at different pHs using a Brookfield 
Digital Viscometer. pH was adjusted using NaOH or HC1 
solutions.
this medium have a low final viscosity (Section
3.7.1.3). Further experiments have shown that
R. arrhizus will grow dispersed (Type 4) in this medium 
at an initial pH of 4.0 (viscosity 4.0 cP). This result 
provides further evidence that viscosity is not
i
essential for dispersal of growth by polymers. It seems 
unlikely that pH-buffering alone could affect 
morphology, particulary when other results are
considered (Sections 3.3.4, 3.7.1.3 and 3.7.1.4).
3.7.3.2. The ability of polymers to absorb metal ions.
It has been demonstrated that polymers reverse the
pelleting effect of magnesium ions on fungal growth 
morphology (Section 3.7.1.5.). It was suggested that 
this effect could be due to the absorption of the metal 
ions. Solutions of polymers in distilled water were used 
m  dialysis bags to determine if they were capable of 
absorbing magnesium ions from solution and of retaining 
ions added to them. The external solutions, m  which 
dialysis bags were suspended, were stirred continuously 
during a 17-hour incubation period at room temperature. 
Levels of magnesium were estimated using a
Solochrome-Black titration method (Section 2.8.3). The 
results are presented m  Table 3.35.
The results show that the polymer solutions, with the 
exception of methyl cellulose, are capable of absorbing 
magnesium ions. For each anionic polymer tested, the
Table 3.35*Ability of polymers to absorb magnesium 
ions
Distribution of Mg*f ions during dialysis.
Polymer (g/1) Internal polymer External
solution (20ml) solution (40ml) 
Total Mg** Total Mg**
(p. moles) (ju moles)
A. Initial distribution; 50 0
Equilibrium distributions:
Control (d Hx0) * 18.80 31.20
Na-alginate 20 41.18 8.68
CM-cellulose 30 48.65 1.25
Carbopol-934 3 47.74 2.28
M-cellulose 30 24.36 25.74
B. Initial distribution: 0 100
Equilibrium distributions:
Control (d H^O) 37.60 62.40
Na-algmate 20 94.50 5.61
CM-cellulose 30 94.00 5.95
Carbopol-934 3 91.20 8.80
M-cellulose 30 41.79 58.11
Polymer solutions were dialysed against water with 
constant agitation for 17 hours at room temperature. 
MgSO^ was added either to the polymer solution, or to 
the external solution. Mg** ions were deter mined using 
a Solochrome-Black titration method (Section 2.8.3).
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distribution of ions occurred significantly away from 
the external solution. While full equilibrium had not 
been achieved m  the incubation times employed, 
distribution values for controls and methyl cellulose 
solutions were similar. This indicated that the 
non-ionic polymer was not capable of absorbing divalent 
cations.
3.7.4.
In Section 3.7 a number of medium supplements were shown 
to affect pelleting of R. arrhizus. High nitrogen levels 
were shown to increase biomass and coalescence of 
growth. Addition of Triton X-100, sodium deoxycholate 
and metal ions to complex media caused the formation of 
discrete pellets. Viscosity-conferring polymers were 
shown to disperse growth, although the degree of 
dispersion varied with the type of polymer used. Some of 
these polymers were shown to reverse the pelleting 
effect of magnesium ions. Maize solids were shown to 
disperse the growth of R. arrhizus cultures/even m  the 
presence of high levels of metal ions. Growth was 
compared in peptone and soya media and hyphae formed 
were shown to be significantly longer m  the latter 
medium, yielding dispersed growth. R. arrhizus cultures 
m  defined media were affected by the presence of 
polymers. These were shown to disperse growth and to 
significantly increase biomass, while not being degraded 
themselves. E.D. T.A. also dispersed growth m  defined
1*73-
media, but only at one specific level. In general, 
R. arrhizus may form pelleted growth either by spore or 
hyphal agglomeration. Long, well-branched hyphae gave 
dispersed filamentous growth, whereas shorter hyphae led 
to a clumped growth morphology. Some chemical properties 
of a selection of polymers were investigated to 
determine if some explanation might be found for their 
effect on growth of R. arrhizus. The presence of 
divalent cations appeared to be important m  determining 
the morphology of growth. These ions were absorbed by 
anionic polymers which may, in part, account for their 
effect on the growth of R. arrhizus in complex and 
defined media.
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In common with findings with other species of Rhizopus, 
lipase production by R. arrhizus was shown to be 
repressed in the presence of critical levels of reducing- 
sugars (Section 3.2.4; Aisaka & Terada, 1979; Akhtar et 
al. , 1974; Laboureur & Labrousse, 1966; Macrae, 1983). 
Lipase is produced mainly after growth has ceased and 
nutrients have been utilized. This would suggest that a 
form of catabolite repression controls lipase production 
(Demain, 1972; Paigen & Williams, 1970). Use of 
partially hydrolysed maize was found to give optimum 
yields compared with using fed-batch fermentations or 
slowly metabolizable carbohydrates (Section 3.2.4). 
Casein hydrolysate was found to be a suitable nitrogen 
source for the fermentation, although other sources have 
been cited m  literature (Aisaka & Terada, 1979; 
Mauvernay et al. , 1970). Supplementary nitrogen sources 
were found m  some cases to repress enzyme production
(Section 3.2.5.2). This may be a form of catabolite
repression where exessive nitrogenous nutrients repress 
enzyme synthesis (Demain, 1970).
When highly refined medium ingredients were used it was 
shown that trace metals limited the fermentation 
(Section 3.2.6). This emphasizes the importance of such 
elements for optimum fungal growth (Foster & Waksman, 
1938; Wegener & Romano, 1963). In an industrial
fermentation plant it is unlikely that such limitation
4. DISCUSSION.
175
would occur as the trace metals would be supplied not 
only m  cruder grade raw materials, but also in the 
water used to batch media. pH 6.0 was shown to be 
optimal for lipase production by R. arrhizus (Section 
3.2.8). This is in agreement with previous findngs for 
other Rhizopus species (Aisaka & Terada, 1979? Fukumoto 
et al. , 1966 ? Laboureur & Labrousse, 1966).
In these previous studies, no reference was made to 
problems associated with fungal growth morphology. 
During work for this thesis, it was found necessary to 
grow R. arrhizus in a dispersed form to allow growth m  
fermenters to occur (Section 3.3). Nevertheless,
pelleted growth was shown to be capable of producing 
lipase when it dispersed itself in production media 
(Section 3.3.6).
In fermenters, lipase production by R. arrhizus was
enhanced when aeration levels were increased, as had 
been shown previously for R. delemar (Section 3.4.1.1; 
Giuseppin, 1984). R. arrhizus was shown to be especially 
sensitive to shear from fermenter impellers above tip 
speeds of 100 cm.s"' (Sections 3.3.8 and 3.4.1.2).
Previous reports concerning R. nigricans showed this 
organism to be susceptible to shear from impellers above 
tip-speeds of 310 cm.sw (Hanisch et al., 1980).
P. chrysogenum has been reported to be sheared by 
impellers also, but this did not effect the viability of 
the mycelia (Dion et al., 1954; Suijdam & Metz, 1981).
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P. chrysogenum has been shown to break apart at the
septae or cross-walls leaving individual cell 
compartments intact (Savage & Vander Brook, 1946). 
However, since Rhizopus species are coencytic or 
aseptate, shear forces may disrupt cellular integrity if 
the cell walls are damaged (Alexopoulos & Mims, 1979). 
This reasoning also implies that the same number of
growth units are present m  inoculum flasks as are 
present in the final production and secondary growth 
cultures. This number may be reduced by cellular 
fragmentation or pelleting of hyphae. Inoculum age and 
volume was shown to affect growth in secondary 
fermenters (Sections 3.3.9 and 3.3.10). Production of 
lipase was also affected by inoculum characteristics 
(Section 3.4.2; Calam, 1976; Meyrath & Suchanek, 1972). 
This emphasizes the need to standar-dize such procedures 
in order to obtain reproducible fermentation results.
Scale-up of the lipase process was achieved by a 
combination of trial and error, and a knowledge of
factors affecting fungal growth (Sections 3.3.12 and
3.4.3). A systematic approach would require more 
equipment and time then was available during this 
project. Such an approach could possibly examine oxygen 
transfer rates, power input and mixing times at each 
scale of operation, bearing in mind the characteristics 
of non- newtoman fungal fermentation broths (Einsele, 
1978; Wang & Fewkes, 1977; Wang, et al. , 1979). However,
recommendations for changing plant equipment would need
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to be justified economically by considerably improved 
yields.
Further improvements in the lipase yields from this 
process could be achieved by further medium development 
and by selection and improvement of strains (Calam, 
1972? Johnston, 1975; Sultanova & Zabirov, 1979). 
Further medium development could be undertaken m  
laboratory fermenters, as conditions and production 
time-courses approximate more closely to those occurring 
m  plant-scale equipment (Sections 3,2,1, 3,4,1 and
3.4.3), In parallel studies, the purification and 
extraction methods could be optimized for each medium 
type.
In comparing enzyme preparations from different sources, 
observed properties may be influenced by assay methods, 
purity of the preparation and methods used to produce 
the enzyme (Godfrey, 1983). Key characteristics of 
enzymes such as temperature/pH -activity and stability 
may be used to finger-print enzymes (Fulbrook, 1983).
Such properties are important also when considering
\
particular applications for enzyme preparations (Godfrey
& Reichelt, 1983). It should be noted that enzymes are
\
more stable m  the presence of their substrates, which 
may enhance their suitability for any given application 
(Godfrey, 1983). Stability optima tend to be broader 
than activity optima, due to the reversible effects of 
any given storage pH or temperature. Conditions for
178
optimal activity affect the conformation of the active 
site and the availability of substrate, pH profiles are 
considered to be more specific then temperature profiles 
(Fulbrook, 1983).
Temperature activity curves showed the two R. arrhizus
lipase preparations to be similar, whereas pH-activity
profiles showed showed significant differances (Sections
3.6.1 and 3.6.2). In particular, the characteristic
secondary pH 3.5 optimum was not found in the
R. arrhizus culture preparation (Benzonana, 1973;
Laboureur & Labrousse, 1964, 1966). These differences
may be attributed to different strains and production
methods used and also to the relative impurity of the
culture preparation. Purified (Sigma London)
R. arrhizus lipase was much less tolerant to storage at
higher pHs and temperatures than the culture lipase
(Sections 3.6.3 and 3.6.4). Again, this may be
attributed to the purity of the preparations used. The
presence of other proteins, ions and sugars m  the
culture preparation may have stabalized the lipase
proteins. The purified lipase proteins might have been
more stable m  the presence of other proteins or of a
substrate triglyceride. Porcine pancreatic 1ipase, in
common with other pancreatic lipases, was shown to be
omost active at 37 C and at pHs above 7.0 (Sections 3.6.1 
and 3.6.2; Godfrey, 1983; Naher, 1974). Stability curves 
for pancreatic lipase may be somewhat suspect as the 
preparation used had some contaminating protease
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activity (Sections 3.6.3 and 3.6.4.). Therefore, the 
observed effects may be due partly to the activity of 
this protease at different pHs and temperatures.
Pelleting of R. arrhizus was shown to be affected by 
inoculum, medium components and various supplements. 
Levels of spore inocula were shown to affect growth 
morphology in different media. In casein media spore 
moculUhiof 1x10 /ml was shown to give poor pelleted 
growth, whereas higher inocula allowed more dispersed 
growth (Section 3.1.2). Similarly, growth m  other 
complex media was shown to be more dispersed when 
inocula of 2x10 spores/ml were used, (Section 3.7.1). 
Growth of R. arrhizus was dispersed and filamentous m  
soya medium when 2x10* spores/ml were used as inoculum, 
but became pelleted or clumped when 1x10 spores/ml were 
used (Section 3.3.5). These findings are in agreement 
with previous results which showed that higher spore 
inocula gave less pelleted growth (Camici & Sermonti, 
1952; Steel et al., 1954; Testi-Campasano, 1959).
It has been shown that addition of cations to peptone 
media results m  pelleted growth of R. arrhizus (Section 
3.7.1.4). It may be that the spore inoculum at higher 
levels is less likely to pellet in standard media 
because insufficient cations are present. At lower spore 
levels, pelleting may proceed either by spore or 
mycelial interactions (Section 3.7.1). In soya medium, 
the ions may be chelated by the solid materials present.
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agents affected morphology of R. arrhizus (Section
3.7,2.2). E.D.T.A. at one specific level (0,25 mM) was 
shown to disperse growth, whereas higher levels gave 
pelleted growth. This result is difficult to explain, 
but it could be that at a specific level of free ions to 
E.T.D.A. ratio, pelleting is prevented (Choudhary & 
Pirt, 1965). The presence of cations has been shown to 
affect yeast flocculation, which is a phenomenon similar 
to fungal pelleting in that cell-cell interactions are 
involved (Atkinson & Daoud, 1976; Galbraith & Smith,
1969; Lyons & Hough, 1971? Rainbow, 1966; Stewart, 
1975). In yeast flocculation particular cellular
components have been implicated m  cross-linkmg cells 
(Amn et al. , 1982? Jayatissa & Rose, 1976? Miki et al. , 
1982 a, b; Mill, 1964 a, b). No cellular components has 
so far been implicated m  fungal pelleting, although 
colonial mutants of Neurospora crassa have been shown to 
have chemically altered cell walls (Galbraith & Smith, 
1969; Terra & Tatum, 1963).
Fungal spores bear a net negative charge at 
physiological pHs (Douglas et al., 1959; Galbraith &
Smith, 1969). R. arrhizus vegetative biomass has been
shown to absorb a wide variety of positive ions and the 
functional groups enabling such uptake have been studied 
(Tobin et al. , 1984). Divalent cations must, therefore, 
overcome the repulsive forces of negatively-charged 
spore or mycelial surfaces to facilitate pelleting.
In defined media, levels of mineral ions and chelating
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Pelleting of R. arrhizus was shown, moreover, to be 
independant of the medium pH, in contrast with previous 
results with A. niger and P. chrysogenum (Section 3.3.4; 
Galbraith & Smith, 1969; Pirt & Callow, 1959).
Bacterial aggegation is frequently caused by the 
production of polysaccharides (Atkinson & Daoud, 1976 ; 
Cadmus et al. , 1976 ; Govan et al. , 1981; Jansson et al. , 
1983; Stanley & Rose, 1967; Unz & Farrah, 1976). 
However, in general, fungi grow more dispersed in the 
presence of polymers (Elmayergi et al., 1973; Elmayergi, 
1975; Suijdam et al., 1980; Takahashi et al., 1960 a,
b). This effect may be due to the masking of surface 
charges on cells as some polymers have been shown to 
coat cellular surfaces (Elmayergi & Moo-young, 1973). 
R. arrhizus has been shown to grow more dispersed m  the 
presence of polymers (Sections 3.7.1.3., 3.7.1.5 and
3.7.2.1). No absolute correlation was demonstrated 
between viscosity and the degree of dispersion. 
Non-ionic polymers*such as polyethylene polymers and 
methyl cellulose, were less effective at dispersing 
growth compared with anionic polymers such as sodium 
alginate, carboxymethyl cellulose and Carbopol-934 
(Section 3.7.1.3; Elmayergi et al. , 1973 ; Tnnci, 1983 ). 
Nevertheless, physical separation of spores and mycelia 
may contribute to dispersion of growth. Anionic polymers 
were shown to be capable of absorbing divalent cations 
from solution (Section 3.7.4.3). This property may have 
contributed to preventing pelleting of R. arrhizus in
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the presence of magnesium ions, where non-ionic 
polymers, which cannot bind ions, were less effective 
(Section 3.7.1.5). Carbopol-934 at pH 6.0 was shown to 
have a high viscosity, but to have low viscosity at pH 
4.0 (Section 3.7.4.4). R. arrhizus was shown to grow 
more dispersed in its presence at either pH, 
demonstrating that viscosity is not of paramount 
importance in dispersing growth with this polymer
(3.7.3.1). Previous reports have suggested that this 
polymer disperses spores by charge repulsion (Elmagergi, 
1975).
In defined media biomass production by R. arrhizus was 
increased several-fold m  the presence of polymers at 
low levels (Section 3.7.2.1). The efficiency of 
conversion of nutrients to biomass appeared to be
enhanced by the polymers. Carbopol-93 4 has been reported
to increase mass transfer into fungal mycelia, and to
increase respiration and glucose consumption (Elmayergi 
& Moo-Young, 1973; Moo-Young et al. , 1969). Growth m  a 
filamentous form is more efficient than pelleted growth 
in terms of oxygen and nutrient transfer (Huang & 
Bungay, 1973; Phillips, 1966).
The presence of maize solids has been shown to disperse 
growth of R. arrhizus even in the presence of calcium 
and magnesium ions (Section 3.7.1.6). Similar 
observations have been made previously with A. niger 
(Smiley et al. , 1967). From microscopic observations on
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samples, these cultures remained dispersed because 
mycelia apparently used the solid particles as 
alternative loci for forming colonies. It is possible 
that the solid particles may chelate free ions from 
solution also. Addition of oils to cultures of 
R. arrhizus did not affect morphology, m  contrast to 
findings with other fungi (Section 3.7.1.2; Baig et al., 
1972; Kobayashi & Suzuki, 1972 b). Some surfactants,
such as Triton X-100 and sodium deoxycholate caused 
pelleting of R. arrhizus, whereas others, such as 
Span-20, had only a slight dispersing effect (Section 
3.7.1.2; Takahashi et al., 1965). These supplements
appear to vary m  their effect on different fungal 
species.
The sequence of events leading to fungal pelleting 
appears to involve spore or mycelial agglomeration, or 
both (Section 3.7.1; Cocker & Greenshields, 1977; 
Galbraith & Smith, 1969; Metz & Kossen, 1977). 
Experiments with R. arrhizus have shown that pelleting 
may be induced by addition of magnesium ions, even when 
added to cultures after up to 12 hours incubation 
(Section 3.7.1.4). Morphology of individual hyphae has 
been shown to be longer and more branched in media 
giving dispersed growth (Section 3.7.3; Pirt & Callow, 
1959). In contrast with previous observations, 
mechanical stirring of R. arrhizus cultures did not 
affect its morphology, but excessive shear was shown to 
destroy the biomass (Sections 3.3.2, 3.3.3, 3.3.8,
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3.3.12, 3.4.1.2 and 3.4.3? Compasano et al. , 1959? 
& Kaushal, 1959? Suijdam & Metz, 1981).
Dion
185
5. ACKNOWLEDGEMENTS*
I wish to express my thanks to the following:
Dr, 0. P. Ward, Head of School, under whose supervision 
the work was carried out. His vision m  creating a 
unique working environment made this research possible, 
and is much appreciated.
Dr. A. W. Bunch, University of Kent at Canterbury, for 
his encouragement and advice m  introducing me to the 
study of the fungi.
Mr. T. O'Mullane, Biocon Ltd., for assistance in 
operating fermentation equipment.
The National Board for Science and Technology for 
funding the research.
Biocon Ltd., for readily giving financial and technical 
support. I hope future co-operative research will be as 
f rui tf ul.
\
To everyone involved-in launching N. I.H.E. Dublin, I 
hope this thesis will contribute to its success.
To my parents, for providing the opportunity for me to 
pursue my studies.
186
Aharonwitz, Y. & Cohen, G. (1981). The microbiological 
production of pharmaceuticals.
Scientific American 245, 106-118.
Aisaka, K. & Terada, 0. (1979). Production of
lipoprotein lipase and lipase by Rhizopus laponicus. 
Agricultural and Biological Chemistry A3_, 2125-2129.
Aisaka ,K. & Terada, 0. (1981). Purification and
properties of lipase from Rhizopus japomcus.
Journal of Biochemistry (Japan) 89, 817-822.
Akhtar Waheed, M., Patterson, J.D.E. & Blain, J.A. 
(1974). Influence of olive oil on extracellular and 
cell-bound lipase production by fungi.
Pakistani Journal of Biochemistry 7_, 81-87.
Alexpoulos, C.J. & Mims, C.W.(1979).
In Introductory Mycology, 3rd edition. New York : Wiley.
Alford, J.A., Pierce, D.A. & Suggs, F.G. (1964).
Activity of microbial lipases on natural fats and
synthetic triglycerides.
Journal of Lipid Research 5, 390-394.
6. REFERENCES.
187
Amri,M.A., Bonaly, R.,Duteurtre, B. & Moll, M. (1982), 
Yeast flocculation: influence of nutritional factors on 
cell wall composition.
Journal of General Microbiology 128, 2001-2009.
Arima, K. (1964). Microbial enzyme production.
In Global Impacts of Applied Microbiology, pp. 277-294. 
Edited by M.P. starr. New York: Wiley.
Asai, T. & Kono, T. (1982). Estimation of oxygen 
absorbtion coefficient and power consumption in a 
stirred-tank fermenter.
Journal of Fermentation Technology 60^ , 265-268.
Atkinson, A. (1973). The purification of microbial 
enzymes.
Process Biochemistry 8^, 9-28.
Atkinson, B. & Daoud, I.S. (1976). Microbiel floes and 
flocculation m  fermentation process engineering.
Advances m  Biochemical Engineering 4^, 39-124.
Aunstrup, K., Andresen, 0., Falch E.A. & Nielsen, T. K. 
(1979). Production of microbial enzymes.
In Microbial Technology, second edition, volume I, 
Microbial Processes, pp 2 81-309. Edited by H.J. Peppier 
& D.Perlman. London : Academic press.
188
Baig, M.A. , Quadeerf M. A. St Niazi Hameed, A. (1972). 
Effect of lipids on citric acid production by 
Aspergillus niger.
Pakistani Journal of Scientific and Industrial Research 
15, 5 8-6 0.
Barker, T.W. & Worgan, J.T. (1981). The application of 
air-lift fermenters to the cultivation of filamentous 
fungi.
European Journal of Applied Microbiology and 
Biotechnology 13^ 77-83.
Beckhorn, E.J. Labbee, M.D. & Underkofler, L.A. (1965). 
Production and use of microbial enzymes for food 
processing.
Journal of Agricultural and Food Chemistry 13_, 30-34.
Bell, G. , Todd, J.R. , Blam, J.A. , Patterson, J.D.E. & 
Shaw, C.E.L. (1981). Hydrolysis of triglyceride by solid 
phase lipolytic enzymes of Rhizopus arrhizus in 
continuous reactor systems.
Biotechnology and Bioengineering 23_, 1703-1719.
Benzonana, G. (1974). Some properties of an exocellular 
lipase from Rhizopus arrhizus.
Lipids 9,166-172.
189
Berry, D.R. (1975). The enviromental control of the 
physiology of filamentous fungi.
In The Filimentous Fungi, volume I, chapter 2, pp 16-32. 
Edited by J.E. Smith & D.R. Berry. Londons Edward 
Arnold.
Bessey, E.A. (1950). In Morphology and Taxonomy of 
Fungi.
New York: Hafner Press.
Blam, J.A. (1975). Industrial enzyme production.
In The Filimentous Fungi, volume I, chapter 10, pp 
193-211. Edited by J.E. Smith & D.R. Berry. London: 
Edward Arnold.
Blakebrough, N. & Hamer, G. (1963). Resistance to oxygen 
transfer in fermentation broths.
Biotechnology and Bioengineering J3 , 5 9-74
Boyer, J ., Le Petit, J. & Giudicelli, H. (1970). 
L'activite" lipolytique du tissue adipeaux.
Biochimica et Biophysica Acta 210, 411-419
Brierley, M.R. & Steel, R. (1959). Agitation - aeration 
in submerged fermentation; II. Effect of solid disperse 
phase on oxygen absorption m  a fermenter.
Applied Microbiology ]_, 57-61.
190
Bu'lock, J.D. (1975). Secondary metabolism m  fungi and 
its relationship to growth and development.
In Filimentous Fungi, volume 1, chapter 3, pp 33-5 8. 
Edited by J.E. Smith & D.R. Berry. London : Edward
Arnold.
Burkholder, P.R. & Smnott, E.W. (1945 ). Morphogenesis 
of fungus colonies m  submerged shaken cultures.
American Journal of Botany 32^ , 42 4-431.
Cadmus, M.C. , Rogovm, S. P. , Burton, K. A., Pittsley, 
J.E. , Knutson, C. A. & Jeanes, A. (1976). Colonial 
variation m  Xanthomonas campestns N.R.R.L. B-1459 and 
the characterization of the polysaccharide from a 
variant strain.
Canadian Journal of Microbiology 2_2, 942-948.
Calam, C.T. (1967). Media for industrial fermentations. 
Process Biochemistry 2, 19-22.
Calam, C.T. (1969). The evaluation of mycelial growth.
In Methods in Microbiology, volume 1, pp 567-591. Edited 
by J.R. Norris & D.W. Ribbons. London: Academic press.
Calam, C.T. (1972). Genetics and development of 
industrial strains.
Process Biochemistry 7^,29-31.
191
Calam, C.T. (1976). Starting investigational and 
industrial cultures.
Process Biochemistry 11^ 7-12.
Camici, L. , Sermonti, G. & Chain, E. B. (1952). 
Observations on Penicillium chrysogenum m  submerged 
culture.
Bulletin of the World Health Organization j>, 265-276.
Campasano, A., Cham, E. B. & Gualandi, G. (1959). The 
effect of mechanical agitation on the production of 
kojic acid by Aspergillus flavus in submerged culture. 
Selected Scientific Papers from the Instituto Superiore 
di Sanita 2, 224-240.
Carlille, M.J. (1980). From procaryote to eukaryote: 
gains and losses.
In The Eucaryotic Microbial Cell. Symposium of the 
Society for General Microbiology 1_3, pp 1-40. Edited by
G.W. Gooday, D. Lloyd and A.P.J. Tnnci. London: 
Cambridge University Press.
Choudhary, Q.A. & Pirt, S.J. (1965). Metal-compiexing 
agents as metal buffers in media for the growth of 
Aspergillus niger.
Journal of General Microbiology 41_, 99-107.
192
Clark, D.S. (1962). Submerged citric acid fermentation 
of ferrocyamde - treated beet molasses: morphology of
pellets of Aspergillus niger.
Canadian Journal of Microbiology 8^, 133-136.
Clark, D.S. & Lentz, C.P. (1963). Submerged citric acid 
fermentation of beet molasses m  tank-type fermenters. 
Biotechnology and Bioengineering 5, 193-199.
Cocker, R. & Greenshields, R.N. (1977). Fermenter 
cultivation of Aspergillus.
In Genetics and Physiology of Aspergillus, pp 361-390. 
Edited by J.E. Smith & J. Pateman. London: Academic
Press.
Cohen, B.L. (1972). Ammonia repression of extracellular 
protease m  Aspergillus nidulans.
Journal of General Microbiology 7_1, 293-299.
Collins, C.H. & Lyne, P.M. (1979). In Microbiological 
Methods. 4th edition. London: Butterworths.
Demain, A.L. (1972). Cellular and environmental factors 
affecting the synthesis and excretion of metabolites. 
Journal of Applied Chemistry and Biotechnology 22, 
345-362.
193
Demam, A.L. (1982). Catabolite regulation m  industrial 
microbiology.
In Overproduction of Microbial Products. F.E.M.S. 
Symposium, 13_, 3-20. Edited by V. Krumphanzl, B. Sikyta 
and Z. Van^k. London: Academic Press.
Desnuelle, P., Constantin, M.J. & Baldy, J. (1955). 
Technique potentiometrique pour le mesure de l'activite 
de la lipase pancreatique.
Bulletin de la Societe Chimie Biologique 37, 285*290.
Desnuelle, P. & Savary, P. (1963). Specificities of 
lipases.
Journal of Lipid Research A_, 369-384.
Desnuelle, P. (1972). The lipases.
In The Enzymes, volume 7, 3rd edition, pp 575-616. 
Edited by P. D. Boyer. London: Academic Press.
De Terra, N. & Tatum, E.L. (1963). A relationship 
betwwen cell wall structure and colonial growth m  
Neurospora crassa.
American Journal of Botany 5£, 669-677.
Dion, W.M. , Canlli, A., Sermonti, G. & Chain, E. B. 
(1954). The effect of mechanical agitation on the 
morphology of Penicillium chrysogenum Thom. in stirred 
fermenters.
Rend. Instituto Supenore di Sanita V7 , 187-205 .
194
Dion, W.M. & Kaushal, R. (1959). The effect of 
mechanical agitation on the morphology of some common 
fungi grown in submerged culture.
Selected Scientific papers from the Instituto Superiore 
di Sanita 2, 357-369.
Douglas, H.W.tCollins, A.E. & Parkinson, D. (1959). 
Electric charge and other surface properties of some 
fungal spores.
Biochimica et Biophysica Acta 33_, 535-538.
Duckworth, R.B. & Harris, G.C.M. (1949). The morphology 
of Penicillium chrysogenum in submerged fermentations. 
Transactions of the British Mycological Society 32,
224-235.
Einsele, A. (1978). Scaling up bioreactors 
Process Biochemistry 13^ , 13-14.
Ekundayo, J.A. & Carlille, M.J. (1964). The germination 
of sporangiospores of Rhizopus arrhizus; spore swelling 
and germ tube emergence.
Journal of General Microbiology 35_, 261-269.
Ekundayo, J.A. (1966). Further studies on germination of 
sporangiospores of Rhizopus arrhizus.
Journal of General Microbiology £2, 2 83-291
195
Elmayergi, H., Scharer, J.M. & Moo-Young, M. (1973).
Effect of polymer additives on fermentation parameters 
in a culture of A. niger.
Biotechnology and Bioengineering 15_, 845-859.
Elmayergi, H. & Moo-Young, M. (1973). Effects of a 
polymer additive on mass transfer into mold pellets. 
Biotechnology and Bioengineering Symposium No. 4, 
507-512.
Elmayergi, H. (1975). Mechanisms of pellet formation of 
Aspergillus niger with an additive.
Journal of Fermentation Technology 53,722-729.
Elsworth, R. , Williams, V. & Hams-Smith, R. (1957). A 
systematic assessment of dissolved oxygen supply m  a 
20-litre culture vessel.
Journal of Applied Chemistry 7, 261-268.
Esser, K. & k\jes, U. (1983). Flocculation and its 
implication for biotechnology.
Process Biochemistry 18_, 21-23.
Favero, J., Marchand, J. & Winternitz, F. (1977). 
Bioconversion de la nor-19 testosterone par Rhizopus 
arrhizus Fischer (II).
Bulletin de la Societe Chimique de France 3-4, 310-312.
196
Florkin, M. & Stotz, E.H. (1964).
Report of the Enzyme Commission of the International 
Union of Biochemistry. Revised. Amsterdam: Elsevier.
Foster, J.W. & Waksman, S.A. (1938). The specific effect 
of z m e  and other heavy metals on growth and 
fumanc-acid production by Rhizopus.
Journal of Bacteriology 21_r 5 99-617.
Foster, J.W. (1939). The heavy metal nutrition of fungi. 
The Botanical Review 5^, 207-239.
Fothergill, P.G. & Yeoman, M.M. (1957). The mineral 
nutrition of Rhizopus stolonifer.
Journal of General Microbiology 3/7 , 631-639.
Fukumoto, J., Iwai, M. & Tsujisaka, Y. (1964). Studies 
on lipase IV. purification and properties of a lipase 
secreted by Rhizopus delemar.
Journal of General and Applied Microbiology IjO, 25 7-265 .
Fukumoto, J., Tsujisaka, Y. & Iwai, M. (1966). Process 
for production of a fungal lipase preparation.
United States Patent 3,262,863; July 26.
197
Fulbrook, P.D. (1983). Kinetics. Practical limits and 
prospects.
In Industrial Enzymology. The Application of Enzymes m  
Industry, chapter 2.2, pp 41 - 110. Edited by T. Godfrey 
and J. Reichelt. New York: Nature Press.
Gaden, E.L. (1981). Production methods m  industrial 
microbiology.
Scientific American 245, 135-144.
Galbraith, J.C. & Smith, J.E. (1969). Filamentous growth 
of Aspergillus niger in submerged shake culture. 
Transactions of the British Mycological Society 52, 
237-246.
Giuseppin, M.L.F. (1984). Effects of dissolved oxygen 
concentration on lipase production by Rhizopus delemar. 
Applied Microbiology and Biotechnology 20^ , 161-165.
Godfrey, T. (1983). Comparison of key characteristics of 
industrial enzymes by type and source. In Industrial 
Enzym ology. The Application of Enzymes m  Industry,
chapter 5, pp 466-5 02. Edited by T. Godfrey and J. 
Reichelt. New York: Nature Press.
Godfrey, T. & Reichelt, J. (1983). Industrial 
Enzymology. The Application of Enzymes m  Industry.
Edited by T. Godfrey and J. Reichelt. New York: Nature
Press.
198
Govan, J.R.W. , Fyfe, J.A.M. & Jarman, T.R. (1981). 
Isolation of algmant-producing mutants of Pseudomonas 
fluorescens, Pseudomonas putida and Pseudomonas 
medocina.
Journal of General Microbiology 125, 217-220.
Greenshields, R.N. & Smith, E. L. (1971). Tower 
fermentation systems and their applications.
The Chemical Engineer149 182-190.
Hanisch, W.H. , Dunnill, P. & Lilly, M.D. (1980). 
Optimization of the production of progesterone II< 
-hydroxylase by Rhizopus nigricans 
Biotechnology and Bioengineenngi2, 555-5 70.
Huang, M.Y. & Bungay, H.R. (1973). Microprobe 
measurements of oxygen concentrations m  mycelial 
pellets.
Biotechnology and Bioengineering 15_, 1193-1197.
Jansson, P. & Lmdberg, B. (1983 ). Structural studies of 
gellan gum, an extracellular polysaccharide elaborated 
by Pseudomonas elodea.
Carbohydrate Research 124, 135-139.
Jayatissa, P.M. & Rose, A.H. (1976). Role of wall 
phosphomannan in flocculation of Saccharomyces 
ceKVisiae.
Journal of General Microbiology 9j5 , 165-174.
199
Johnston, J.R. (1975), Strain improvement and strain 
stability in filamentous fungi.
In Filamentous Fungi, volume I, chapter 4, pp 5 9-78. 
Edited by J.E. Smith and D.R. Berry. London: Edward
Arnold.
Kiese, S., Ebner, H.G. & Onken, U. (1980). A simple 
laboratory airlift fermenter.
Biotechnology Letters 2, 345-350.
Kobayashi, H. & Suzuki, H. (1972 a). Studies on the
decomposition of raffinose by «C-galactosidase of mold.
(II) Formation of mold pellet and its enzyme activity. 
Journal of Fermentation Technology 50_, 6 25-632.
Kobayashi, H. & Suzuki, H. (1972 b). Studies on the
decomposition of raffinose by <*•-galactosidase of mold.
(III) Stimulatory effect of fatty acids on the enzyme 
production.
Journal of Fermentation Technology 5_0, 835-843.
Konig, B. , SchugerlfK. & Seewald, C. (1982). Strategies 
for penicillin fermentation m  tower-loop fermenters. 
Biotechnology and Bioengineering 2±, 259-280.
200
Kuenzi, M.T. & Auden J.A.L. (1983). Design and control 
of fermentation processes.
In Bioactive Microbial Products, volume 2, Development 
and Production, chapter 7, pp 91-116. Edited by L.J. 
Nisbet and D.J. Wmstanley. London: Academic Press.
Laboureur, P. & Labrousse, M. (1964). Proprietes d'une 
lipase fongique a haute activite.
Compte Rendue a l'Academie de Science, Paris t 259, 
4394-4396.
Laboureur, P. & Labrousse, M. (1966). Lipase de Rhizopus 
arrhizus. Obtention, purification et proprietes de la 
lipase de Rhizopus arrhizus var. delemar.
Bulletin de la Societe de Chimie Biologique 48^ , 7 47-770.
Lambert, P.W. (1983). Industrial enzyme production and 
recovery from filamentous fungi.
In The Filamentous Fungi, volume 4, Fungal Technology, 
chapter 9, pp 210-237. Edited by J.E. Smith, D.R. Berry 
and B. Kristiansen. London: Edward Arnold.
Lawler, G.C. & Weber, D.J. (1980). Metabolism during 
asexual sporulation in Rhizopus arrhizus (Fischer). 
Journal of General Microbiology 117, 465-474.
Lilly, M.D. (1983). Problems in process scale-up.
In Bioactive Microbial Products, volume 2. Development 
and Production, chapter 6, pp 79-89, Edited by L.J. 
Nisbet and D.J. Winstanley. London: Academic Press.
Liu, Y.K. & Luh, B. S. (1978). Purification and
characterization of endo-polygalacturonase from Rhizopus 
arrhizus.
Journal of Food Science A2_, 721-726
Lockwood, L.B. , Ward, G.E. & May, O.E. (1936 ). The 
physiology of Rhizopus oryzae.
Journal of Agricultural Research 53_, 849-857.
Lundgren, D.G. & Russell, R. T. (1956). An air-lift 
laboratory fermenter.
Applied Microbiology £, 31-33.
Lyons, T.P. & Hough, J.S. (1971). Further evidence for 
the cross-bridging hypothesis for flocculation of 
brewers yeast.
Journal of the Institute of Brewing 11_, 300-305 .
Macrae, A.R. (1983). Extracellular microbial lipases.
In Microbial Enzymes and Biotechnology, chapter 5, pp
225-250. Edited by W.M. Fogarty. London: Applied Science 
Publishers.
201
202
Malfait, J .L., Wilcox, D. J ., Mercer, D.G. & Barker, L.D. 
(1981). Cultivation of a filamentous mold in a glass 
pilot-scale airlift fermenter.
Biotechnology and Bioengineering 2^ 3, 863-877.
Mauvernay, R. Y.f Laboureur, P. & Labrousse, M. (1970). 
Novel lipase composition and method for producing same. 
United States Patent no. 3,513,073, May 19.
McHargue, J.S. & Calfee, R.K. (1931). Effect of 
manganese, copper and zinc on growth and metabolism of 
Aspergillus flavus and Rhizopus nigricans.
Botanical Gazette 91, 183-193.
Me Intosh, A.F. & Meyrath, J. (1963). Size of inoculum 
and nitrogen metabolism m  Aspergillus oryzae.
Journal of General Microbiology 33_, 57-62.
Merck Index. (1976). The Merck Index.
An Encyclopedia of chemicals and drugs. 9th edition. 
Edited by M. Windholz, S. Budavan, L.Y. Strountsos and 
M.N. Fertig. U.S.A.: Merck.
Metz, B. & Kossen, N.W.F. (1977). Biotechnology review. 
The growth of molds in the form of pellets-a literature 
review.
Biotechnology and Bioengineering 1£, 7 81-790.
203
Metz, B. , Bruijn de, E.W. & Suijdam van, J.C. (1981). 
Method for quantitative representation of the morphology 
of molds.
Biotechnology and Bioengineering 23^ , 149-162.
Meyrath, J. & Me Intosh, A.F. (1963). Size of inoculum 
and carbon metabolism m  some Aspergillus species. 
Journal of General Microbiology 23_, 47-56.
Meyrath, J. & Suchanek, G. (1972). Inoculation 
techniques-ef fects due to quality and quantity of 
inoculum.
In Methods m  Microbiology, volume 7b, pp 159-209. 
Edited by J.R. Norris and D. W. Ribbons. London: Academic 
Press.
Miall, L.M. (1975). Historical development of the fungal 
fermentation industry.
In Filamentous Fungi, volume 1, chapter 6, pp 104-121. 
Edited by J.E. Smith and D.R. Berry. London: Edward
Arnold.
Miki, B. L. A. , Hung Poon, N. , James, A.P. & Seligy, V. L. 
(1982 a). Possible mechanisms for flocculation 
interactions governed by gene FLO-1 m  Saccharomyces 
cerevisiae.
Journal of Bacteriology 150, 87 8-889.
204
Miki, B.L.A. , Hung Poon, N. & Seligy, V.L. (1982 b).
Repression and induction of flocculation interactions in 
Saccharomyces cerevisiae.
Journal of Bacteriology 150, 890-899.
Mill, P.J. (1964 a). The effect of nitrogenous
substances on the time of flocculation of Saccharomyces 
cerevisae.
Journal of General Microbiology 35^ , 53-60.
Mill, P.J. (1964 b). The nature of the interactions 
between flocculent cells in the flocculation of 
Saccharomyces cerevisae.
Journal of General Microbiology 35^ , 61-68.
Miller, G.L. (1959). Use of d i m  trosalicylic acid 
reagent for determination of reducing sugars.
Analytical Chemistry 31, 426-428.
Moo-Young, M., Hirose, T. & Geiger, K.H. (1969). The 
rheological effects of substrate-additives on
fermentation yields.
Biotechnology and Bioengineering 11, 725-730.
Morris, G.G., Greenshields, R. N. & Smith, E.L. (1973). 
Aeration m  tower fermenters containing microorganisms. 
Biotechnology and Bioengineering Symposium No. 4, 
535-545.
205
Naher, G. (1974). Lipase. Titrimetnc assay.
In methods of Enzymatic Analysis, volume 2, 2nd edition, 
pp 814-818. Edited by H.U. Bergmeyer. New York: Academic 
Press.
Nelson G.E.N., Traufler, D.H., Kelley, S.E. & Lockwood, 
L.B. (1952). Production of itaconic acid by Aspergillus 
terreus m  20-litre fermenters.
Industrial and Engineering Chemistry AA_, 1166-1168.
Oldshue, J.Y. (1983). Industrial scale-up.
In The Filamentous Fungi, chapter 4, pp 101-115. Edited 
by J.E. Smith, D.R. Berry and B. Kristiansen. London: 
Edward Arnold.
O'Neill, M.A., Selvendran, R.R. & Morris, V.J. (1983). 
Structure of the acidic extracellular gelling 
polysaccharide produced by Pseudomonas elodea. 
Carbohydrate Research 124, 123-133.
Ota, Y., Suzuki, M. & Yamada, K. (1968). Lipids and 
related substances inducing the lipase production by 
Candida paralipolytica.
Agricultural and Biological Chemistry 32^ 390-391.
Paigen, K. & Williams, B. (1970). Catabolite repression 
and other control mechanisms in carbohydrate 
utilization.
Advances m  Microbial Physiology 4_, 251-324.
206
Phillips, D.H. (1966). Oxygen transfer into mycelial 
pellets.
Biotechnology and Bioengineering 8^  456-460.
Pirt, S.J. & Callow , D.S. (1959). Continuous-flow
culture of the filamentous mould Penicillium chrysoqenum 
and the control of its morphology.
Nature 184 , 307-310.
Priest, F.G. (1984).
In Extracellular Enzymes. Aspects of Microbioogy, volume 
9. UK: Remhold.
Rainbow, C. (1966). Flocculation of brewers yeast. 
Process Biochemistry 1_, 489-492.
Reese, E.T. & Maguire, A. (1969). Surfactants as
stimulants of enzyme production by microorganisms. 
Applied Microbiology 3/7, 242-245.
Rhodes, A. & Fletcher, D.L. (1966). Principles of 
Industrial Microbiology.
London: Pergamon Press.
Rhodes, R.A., Moyer, A.J., Smith, M.L. & Kelley, S.E. 
(1959). Production of fumaric acid by Rhizopus arrhizus. 
Applied Microbiology 7, 74-80.
207
Rhodes, R.A., Lagoda, A.A., Misenheimer, T.J., Smith, 
M.L., Anderson, R.F. & Jackson, R.W. (1962). Production 
of fumaric acid in 20-litre fermenters.
Applied Microbiology 1_0, 9-15.
Rose, A.H. (1980). History and scientific basis of 
commercial exploitation of microbial enzymes and 
bioconversions.
In Economic Microbiology, volume 5, Microbial Enzymes 
and Bioconversions, pp 1-47. Edited by A.H. Rose. 
London: Academic Press.
Rowlands, R.T. (1984). Industrial strain improvement : 
rational screens and genetic recombination techniques. 
Enzyme and Microbial Technology 6_, 290-300.
Rowley, B. I. & Bull, A. T. (1980). Chemostat for the 
cultivation of moulds.
Laboratory Practice 2_2, 2 86-289.
Ryu, D.D.Y. & Mandels, M. (1980). Cellulases: 
biosynthesis and applications.
Enzyme and Microbial Technology 2^, 91-102.
Savage, G.M. & Vander Brook, M.J. (1946). The 
fragmentation of the mycelium of Penicillium notatum and 
Penicillium chrysogenum by a high-speed blender and 
evaluation of blended seed.
Journal of Bacteriology 5_2, 3 85-391.
208
Schneider, J.J. (1974). Influence of oxygen 
substitutents at the C-ll, -17, -20 and -21 positions on 
the extent of 6^-hydroxylation of steroids by the mold 
Rhizopus arrhizus.
Journal of Steroid Biochemistry 5^, 9-13.
Schotz, M.C.,Garfinkal, A.S., Huebotter, R.J. & Stewert, 
J.E. (1970). A rapid assay for lipoprotein lipase. 
Journal of Lipid Research 11^ 68-69.
Schugerl, K., Wittier, R. & Lorenz, T. (1983). The use 
of molds in pellet form.
Trends in Biotechnology 1, 120-123.
Seitz, E.W. (1974). Industrial application of microbial 
lipases: a review.
Journal of the American Oil Chemists Society 51, 12-16.
/ /Semeriva, M., Benzonana, G. & Desnuelle, P. (1967 a).
Purification of a lipase from Rhizopus arrhizus.
Identification of two active forms of the enzyme. 
Biochimica et Biophysica Acta 144, 703-705.
/ /Semeriva, M., Benzonana, G. & Desnuelle, P. (1967 b).
Sur la lipase de Rhizopus arrhizus, 1. Specificite de
position.
Bulletin de la Societe7 Chimie Biologique 4_9, 71-79.
209
Semeriva, M., Benzonana, G. & Desnuelle, P. (1969). Some 
properties of a lipase from Rhizopus arrhizus, 
separation of a glycopeptide bound to the enzyme. 
Biochimica et Biophysica Acta 191, 5 98-610.
Semeriva, M. & Dufour, C. (1972). Further studies on the 
exocellular lipase of Rhizopus arrhizus.
Biochimica et Biophysica Acta 260, 393-400.
Smiley ,K.L.f Cadmus, M.C. & Liepins, P. (1967). 
Biosynthesis of D-mannitol from D-glucose by Aspergillus 
candidus.
Biotechnology and Bioengineering £, 365-374.
Smith ,E.L. & Greenshields, R.N. (1974). Tower
fermentation systems and their application ^ to aerobic 
processes.
The Chemical Engineer 2, 2 8-34.
Sodeck, G. , Modi, J., Kominek, J. & Salzbrunn, W. 
(1981). Production of citric acid according to the 
submerged process.
Process Biochemistry r6, ^ 9^ 11^ .
\
Solomons, G.L. & Weston, G.O. (1961). The prediction of 
oxygen transfer rates in the presence of mould mycelium. 
Journal of Biochemical and Microbiological Technology 
and Engineering 3_, 1-6.
r210
Solomons, G.L. (1969), Materials and Methods in 
Fermentation.
Londons Academic Press.
Solomons, G.L. (1975) Submerged culture production of 
mycelial biomass. In Filamentous Fungi volume 1, chapter 
12, pp 249-264. Edited by J.E. Smith and D.R. Berry. 
Londons Edward Arnold.
Sorenson, W.G. & Hesseltine, C.W. (1966). Carbon and 
nitrogen utilization by R. Oliqsporus 
Mycologia 5j*, 681-689.
Stanier, R.Y., Adelberg, E.A. & Ingraham, J.L. (1976). 
General Microbiology, 4th Edition. London: The Macmillan 
Press.
Stanley, S.O. & Rose, A.H. (1967). On the clumping of 
Corynebactenum xerosis as affected by temperature. 
Journal of General Microbiology £8, 9-23.
Steel, R., Martin, S.M. & Lentz, C.P. (1954). A standard 
inoculum for citric acid production in submerged 
culture.
Canadian Journal of Microbiology 1, 150-157.
211
Stemkraus, K.H. , Yap Bwee Hwa, Buren van, J.P. , 
Provvidenti, M.I. & Hand, D.B. (1960). Studies on 
tempeh-an Indonesian fermented soybean food.
Food Research. Journal of Food Research Chicago 25, 
777-788.
Stewart, G.G. (1975). Yeast flocculation-practical 
implications and experimental findings.
The Brewers Digest 5£, 42-56.
Stowell, J.D. & Bateson, J.B. (1983). Economic aspects 
of industrial fermentations. In Bioactive Microbial 
Products, volume 2, Development and Production, chapter 
8, pp 117-139. Edited by L.J. Nisbet and D.J. 
Wmstanley. London: Academic Press.
Sui]dam van, J.C., Kossen, N.W.F. & Paul, P.G. (1980). 
An inoculum technique for the production of fungal 
pellets.
European Journal of Applied Microbiology and 
Biotechnology 10i, 211-221.
Sui]dam van, J.C. & Metz, B. (1981). Influence of 
engineering variables upon the morphology of filamentous 
molds.
Biotechnology and Bioengineering 23^ 111-118.
212
Sultanova, I.G. & Zabirov, M.Z. (1979). Induced 
variability of the lipase-producing fungus Rhizopus 
microsporus.
Microbiology 4_8, 3 81-383.
Syrop, M. (1973). The ultrastructure of the growing 
regions of aerial hyphae of Rhizopus sexualis (Smith) 
Callen.
Protoplasma 7£, 309-314.
Taber, W.A. (1957). The influence of the inoculum on 
variability m  comparative nutritional experiments with 
fungi.
Canadian Journal of Microbiology 2^, 803-812.
Takahashi, J., Kosano, Y. & Yamada, K. (196 0 a). Studies 
on the effects of some physical conditions on the 
submerged mold culture. Part IV. Effects of culture 
fluid viscosity on the mycelial forms of molds.
Journal of the Agricultural and Chemical Society of 
Japan 34, 440-442.
Takahashi, J., Machida, H. & Yamada, K. (1960 b). Part
V. Effects of culture fluid viscosity on the growth and 
amylase production Aspergillus niger.
Journal of the Agricultural and Chemical Society of 
Japan 3±, 442-447.
213
Takahashi, J., Hidaka, H. & Yamada, K. (1965). Effect of 
mycelial forms on citric acid fermentation in submerged 
mold culture.
Agricultural and Biological Chemistry, 29_, 331-336.
Tatsuoka , S., Miyake, A., Wada, S. , Imada, I. &
Matsumura, C. (1959). Purification of lipase produced by 
Rhizopus.
The Journal of Biochemistry £6, 5 75-5 81.
Testi-Campasano, A. (1959). Morphological observations 
on the growth of Aspergillus flavus (Link) in shake 
flasks.
Selected Scientific Papers from the Instituto Superiore 
di Sam ta 2, 448-45 3.
Tobin, J.M., Cooper, D. G. & Neufeld, R.J. (1984). Uptake 
of metal ions by Rhizopus arrhizus biomass.
Applied and Environmental Microbiology 47, 821-824.
Tokiwa, Y. & Suzuki, T. (1977). Hydrolysis of polyesters 
by lipase.
Nature 27_0, 76-78.
Tombs, M.P. & Blake, G.G. (1982). Stability and 
inhibition of Aspergillus and Rhizopus lipases. 
Biochimica and Biophysica Acta 700, 81-89.
214
Tnnci, A,P.J. (1983), Effect of Junlon on morphology of 
Aspergillus niger and its use m  making turbidity 
measurements of fungal growth.
Transactions of the British Mycological Society 81, 
408-412.
Tsuchiya, K. & Kimura, T. (1984). Decrease of protese 
activity by the addition of glucose to the culture of 
Cephalosponum sp.
Journal of Fermentation Technology 62^ 35-39.
Tuttobello, R. & Mill, P.J. (1961). The pectic enzymes 
of Aspergillus niger. 1. The production of active 
mixtures of pectic enzymes.
Biochemical Journal 7_9, 51-5 7.
«
Unz, R.F. & Farrah, S.R. (1976). Exopolymer production 
and flocculation by Zoogloea MP6.
Applied and Environmental Microbiology 31^ 623-626.
Verduin, P. A. , Punt, J.M.H.M. & Kreutzer, H.H. (1973). 
Studies on the determination of lipase activity.
Clinica Chimica Acta 4j5, 11-19.
Vogel, A. (1978). In Vogel's Textbook of Quantitative 
Inorganic Analysis,^edition. Revised. London: Longman.
215
Volkova, I,M. & Lebedeva, Z.D. (1979). Influence of the 
lipid component of the medium on lipase biosynthesis by 
fungi.
Microbiology 4£, 5 21-5 25.
Wagenknecht, A.C. , Mattick, L.R., Lewin, L.M., Hand, 
D.B. & Stemkraus, K.H. (1961). Changes in soybean 
lipids during tempeh fermentation.
Journal of Food Science 2£, 373-376.
Waksman, S.A.& Foster, J.W. (1938). Respiration and 
lactic acid production by a fungus of the genus 
Rhizopus.
Journal of Agricultural Research 5_7 , 873-899.
Wang, D. I.e. & Fewkes, R.C.J. (1977). Effect of 
operating and geometric parameters on the behaviour of 
non-new tom an, mycelial antibiotic fermentations. 
Developments m  Industrial Microbiology 1£, 39-56.
Wang, D.I.C., Cooney, C.L., Demain, A.L., Dunnill, P. , 
Humphrey, A.E. & Lilly, M.D. (1979 a). Regulation of
enzyme production. In Fermentation and Enzyme 
Technology, chapter 5, pp 4 6-5 6. New York: John Wiley.
216
Wang, D.I.C., Cooney, C.L. , Demain, A.L., Dunnill, P., 
Humphrey, A.E. & Lilly, M.D. (1979 b). Translation of
laboratory, pilot and plant scale data. In Fermentation 
and Enzyme Technology, chapter 10, pp 194-211. New York: 
John Wiley.
Ward, E.W.B. & Colotelo, N. (1960). The importance of 
inoculum standanzation in nutritional experiments with 
fungi.
Canadian Journal of Microbiology 5 45-556.
Wegener, W.S. & Romano, A.H. (1963). Zinc stimulation of 
RNA and protein synthesis m  Rhizopus nigricans.
Science 142, 1669-1670.
Whitaker, A. & Long, P.A. (1973). Fungal pelleting. 
Process Biochemistry 27-31.
Yanagita, T. & Kogane", F. (1963). Cytochemical and 
physiological differentation of mold pellets.
Journal of General and Applied Microbiology 9^, 179-187.
Zubenko, T.F. , Sultanova, I.G. & Zakirov, M.Z. (1978). 
Influence of various nitrogen sources on the formation 
of lipase by Rhizopus microsporus.
Microbiology 47, 538-540.
217
DETERMINATION OF COMMERCIAL ENZYME ACTIVITIES.
1. Protease determination for Fungal Protease (Biocon 
Ltd, Ireland)
Principle:
This procedure is for the determination of proteolytic 
activity expressed as Haemoglobin Units on a Tyrosine 
basis (H.U.T.)f since tyrosine is used for preparation 
of a standard curve. The test is based on a 30-minute 
hydrolysis of a haemoglobin substrate at pH 4.7 and
o40 C. UnhydrolySed substrate is precipitated with 
trichloroacetic acid and removed by filtration. 
Solubilized haemoglobin is determined spectrophoto- 
metrically.
Reagents and solutions:
1. Haemoglobin substrate:
Haemoglobin, suitable as protease substrate, is used in 
the assay (Sigma London Ltd). To 10 ml water, 5g of 
haemoglobin is added and stirred to dissolve. The pH is 
reduced to 1.7 using 0.3 M HCl solution. After 10 
minutes the pH is readjusted to 4.7 by addition of 0.5 M 
sodium acetate and the solution is diluted to 250 ml
7. APPENDIX I.
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with water. This solution is stable for 5 days when 
refridgerated.
2. Enzyme dilution buffer:
Mix 25 ml of 2 M sodium acetate solution with 5 0 ml 1 M 
acetic acid and dilute to 1 litre.
3. Trichloroacetic acid solution:
Dissolve 140 g of trichloroacetic acid in 75 ml water 
and dilute to 100 ml.
4. Stock tyrosine solution:
Dissolve 100 mg of L-tyrosine (Sigma, London Ltd) in 60 
ml 0.1 M HC1. Dilute to 1 litre with water. Solution 
contains lOOpg/ml of L-tyrosine.
Procedure:
Pipette 10 ml of substrate into a series of test tubes;
one for each enzyme test, one for each enzyme blank and
one as a substrate blank. The sample is prepared by
diluting in buffer to give between 9 and 22 H.U.T. units
per ml. Substrate and sample tubes are equilibrated to 
o40 C. To each enzyme test solution, 2 ml of sample is 
added, and to the substrate blank solution, 2 ml of 
buffer is added. The tubes are stoppered and shaken 
gently to mix the contents. Incubation of each tube is 
conducted for exactly 30 minutes, when 10 ml of 
trichloroacetic acid is added. The tubes are shaken
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vigorously and allowed to cool to room temperature for 
one hour, during which time the tubes are shaken at 10 
minute intervals. Enzyme blanks are prepared by 
incubating substrate (10 ml) and enzyme dilutions
solution (10 ml) is added to the substrate solution and 
shaken well. Enzyme dilution (2 ml) is then added, 
shaken and allowed to cool, with mtermitent shaking as 
before, for 1 hour. All the tube contents are then 
filtered through Whatman No.42 filters, refiltenng the 
first half of filtrate through the same paper. The 
absorbance of each filtrate is determined at 275 nm on a 
Pye-Unicam SP6-550 spectrophotometer. The enzyme blank 
reading is subtracted from each enzyme test, with the 
spectrophotometer set at zero using the substrate blank. 
A standard curve of L-tyrosme absorbance" is obtained by 
diluting the stock tyrosine solution to give 75, 50 and 
25 g/ ml tyrosine. This should give a straight line and 
the value for 70 /jlg/ ml, divided by 6 3.5, should give
0.0084 (equivalent to 1 .lOyug/ml) .
Calculation:
One H.U.T. unit is de as that amount of enzyme
which will7 under standard conditions, give an
hydrolysate;in one minute^whose absorbance at 2 75 nm is
equivalent to that of l.l/*g/ml tyrosine m  6 mM HC1.
0separately at 40 C for 3 0 minutes. Trichloroacetic acid
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H. U. T. = A tasr x Reacti°n volume (ml Enzyme dilution
(units/ml) A Time (mins) 2
= A x Enzyme dilution X 43.7
2.«C-amylase determination for Canalpha (Biocon Ltd., 
Ireland).
Principle:
The method is based on starch degradation by enzyme
ohydrolysis at pH 5 and 40 C. Starch forms a blue colour 
with iodine which weakens as the starch is broken down. 
The colour change is followed spectrophotometncally and 
related to enzyme activity.
Reagents and solutions:
I. Acetate buffer:
8.2 g of sodium acetate is dissolved in 50 ml water, the 
pH adjusted to 5.0, and the solution is diluted to 100 ml
2. Substate solution:
1 g Lmtner starch (B.D. H. England) is stirred into 
20 ml water, and added to 20 ml boiling water to 
dissolve. This is then cooled, 15 ml acetate buffer is 
added, and the mixture is diluted to 144 m) with water 
(make daily).
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3. Stock iodine solution:
5.5g Iodine and 11 g potassium iodide are dissolved in 
- 100 ml water and diluted to 250 ml (make daily),
4. Dilute iodine solution:
1 ml stock solution and 10 g potassium iodide are 
dissolved and diluted to 250 ml. Make daily.
Procedure:
To a series of test tubes, 20 ml of substrate solution 
is added, one for each enzyme test. The enzyme sample is 
diluted in water and all tubes are equilibrated to 40 C. 
To another series of test tubes, 5 ml of dilute iodine 
solution is added, several for each enzyme test. At zero 
time 10 ml of the enzyme dilution is added to a 
substrate tube and mixed by inversion. At definite time 
intervals, pipette 1 ml of the reaction mixture into 
dilute iodine solution. This stops the reaction and 
develops the colour complex. As this colour changes from 
blue-black to a lighter blue, sample at 0.5 minute 
intervals. Samples are measured for absorbance at 617 nm 
on Pye-Unicam SP 6-55 0 spectrophotometer. Optical 
density is plotted against time and the time required to 
obtain 0.D. 0.5 is estimated. This time (t) should fall 
between 10 and 20 minutes, otherwise an appropriate 
dilution is selected and the test repeated.
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Calculation;
Volume of enzyme (ml) x t t
3. Amyloglucosidase determination for Amylo (Biocon
Ltd., Ireland).
Principle:
Unit enzyme activity is measured as the amount of enzyme
required to release ling of glucose from starch in 1
ominute. Buffered starch at pH 5.0 and 40 C is used as 
substrate. Glucose released is estimated using a 
dimtrosalycylic acid method (D.N.S.), (Miller, 1959).
Reagents and solutions:
1. Acetate buffer:
8.2 g of sodium acetate is dissolved in 50 ml of water, 
the pH adjusted to 5.0, and the solution is diluted to 
100 ml.
2. Substrate solution:
Soluble starch (B.D. H., England) lg, is slurried m  
20 ml water and added to 6 0 ml boiling water to dissolve 
it. The mixture is cooled, 5.6 ml acetate buffer is 
added and diluted to 100 ml with water (make daily) .
Units/ml = 1430 = 143
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3. D.N.S. solution:
3,5-dimtrosalycylic acid (10 g) , potassium sodium 
tartarate (300 g), and sodium hydroxide 16 g, are all 
weighed and dissolved in 600 ml water by heating 
(without boiling). The solution is cooled and diluted to
1 litre.
4. Glucose stock solution:
A solution is made of 5 g/1 glucose,with 0.2 g/1 sodium 
azide as preservative.
5. Glucose standards:
The stock solution is diluted to give 0.1-1.5 g/1 
Procedure:
The enzyme solution is diluted m  water. Substrate
solution (1 ml) is added to a series of test tubes, one
for each enzyme test. A substrate blank is prepared by
adding 1 ml substrate to 1 ml water. To each enzyme
test, 1 ml of sample dilution is added and incubated at 
040 C for 10 minutes. The reaction is stopped by adding
2 ml of D.N.S. solution. The tubes are placed m a  
boiling water bath for 5 minutes, cooled and 10 ml water 
added to each tube. The tubes are mixed and the 
absorbance at 540 nm measured on a Pye-Unicam SP6-550 
spectrophotometer. An enzyme blank is prepared by adding 
2 ml D.N.S. solution to 1 ml substrate solution, adding
224
1 ml enzyme dilution and treating as for enzyme test
above. A standard curve of glucose concentration against 
absorbance at 540 nm is prepared by adding 2 ml of
glucose standards to 2 ml D.N.S. solution and treating 
as for enzyme reaction tubes above. The quantity of
glucose released from starch by the enzyme dilution is 
then determined.
i Calculation:
Units/ml= mg glucose released v Enzyme dilution 
Time m  minutes (10)
4. C.M-cellulase determination for Bioglucanase (Biocon 
Ltd., Ireland).
«
Principle:
A buffered suspension of carboxymethyl cellulose is 
reacted with the cellulase preparation, and glucose 
units liberated are determined. One unit is defined as 
that amount of enzyme which liberates lmg of glucose per 
minute under the conditions specified. D.N.S. reagent is 
used to determine the glucose liberated.
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1. Buffered substrate solution:
8.2 g of sodium acetate is dissolved in 50 ml water and 
the pH adjusted to 5.0. lg carboxymethyl cellulose (low 
viscosity; Sigma London Ltd) is dissolved by heating. 
The solution is then cooled and diluted to 100 ml.
2. D.N. S. solution:
This is made as described for amyloglucosidase assay, 
7. 3 v  above.
3. Glucose standards:
These are made as described for the amyglucosidase 
assay, also.
Procedure:
1 ml aliquots of buffered substrate are dispensed into a
0series of test tubes and equilibrated to 40 C. Enzyme
samples are diluted in water so that glucose released by
the reaction does not exceed 1.0 mg (<10u/ml). 1 ml of
enzyme dilution is then added to the buffered substrate
oand the reaction is incubated for 10 minutes at 40 C. It 
is terminated by addition of 2 ml D. N. S. solution. The 
tubes are then placed m  a boiling water bath for 5
i
minutes, cooled, and 10 ml of water added to each tube. 
The tubes are mixed and absorbance at 5 40 nm measured on 
a Pye-Unicam SP6-550 spectrophotometer. An enzyme blank
Reagents and solutions:
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is prepared by adding 2 ml D. N. S. solution to 1 ml of 
substrate, adding 1 ml of the enzyme dilution and then 
treating as for enzyme test above. A glucose standard 
curve is prepared by adding 2 ml standard solutions to 2 
ml D.N. S. and reacting as above. The amount of glucose 
released due to enzyme activity is determined from this 
standard curve.
Calculation:
Units/ml = mg glucose released x Enzyme dilution 
Time m  minutes (10)
Note: To determine sodium alginase activity the above 
procedure is used, using 5 g/1 sodium alginate as 
substrate.
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LIPASE DILUTION BUFFERS.
In experiments in which lipase preparations were 
maintained at constant pH for incubation, the following 
buffers were used (Section 3.6).
1. T n s  (hydroxymethyl) aminomethane-HCl (Tns-HCl) 
buffer - pH 7 and 8 (0.1M).
A 0.2M solution of T n s  reagent is prepared by 
dissolving 24.2 g m  water, and diluting to 1 litre. 25 
ml is dispensed into a suitable beaker and the pH 
adjusted to 7.0 or 8.0 by addition of an appropriate 
volume of 0.2M HC1. The solution is then diluted to 
100 ml.
2. Sodium citrate - citric acid buffer. .
pH 3 - 6  (0.1M).
7. APPENDIX II.
AO.2M solution of citric acid is preparedxby dissolving 
38.42 g m  water and diluting to 1 litre.. Sodium 
citrate, 58.82 g, is dissolved and diluted to 1 litre to 
make a 0.2M solution.
These solutions are mixed in the following proportions 
and diluted to 100 ml:
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Buffer pH Citric acid Sodium citrate
solution (ml) solution (ml)
3.0 46.5 3.5
4.0 33.0 17.0
o.in 20.5 29.5
6.0 9.5 40.5
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